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I. INTRODUCTION AND SUMMARY

The prime event during this interval was the conference in London as

sponsored by the Rank Foundation. As mentioned in the last quarterly, it was

devoted entirely to the subject of scanning microscopy. Our work was given a

great deal of credit by the various speakers -- all of whom recognize some of

the inherent advantages of scanning for the various forms of microscopy --

acoustic, optical, and x-ray. The electron microscope was not included since

it hs widespread coverage elsewhere.

The book containing the papers has now appeared.I It has two important

features: 1) it contains a good deal of valuable reference material on this

field, and 2) it was printed within 3 months of the conference. This

conference signals the start for a new community of workers with a comnmon

interest and this spreading of the work into other laboratories is the first

sign of maturity for this new technology. A second sign of maturity is the

entrance of commercial instrument manufacturers into this field. We have

previously reported that Leitz Co. of Wetzlar, West Germany has undertaken a

program to construct a prototype instrument. We can now report that in Japan,

Olympus Optical Company has undertaken a strong effort in this field and they

too are following the methods developed in our laboratory. We have received

copies of the enclosed bulletin2 as put out by Hitachi, also in Japan -- but

we know very little of that effort other than that reported in this

publication.

Our own work, as reported below, consists of further improvements in the

instrument. We have extended the operation to higher frequencies (3.6 GHz

with a wavelength of 0.4 micrometers). We have built new hardware and
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NEW TECHNOLOGY

Noninvasive Method for Visualization
of Interior Region of Sample
Acoustic Microscope

in recent years, ultrasonic 2. The ultrasonic wave is sharply Cells Can Be Observed in Their
technology has been progressing by focused by a spherical lens in the Natural Uving State
leaps and bounds. With utilization of sensor section and directed onto The resolution of acoustic
I GHz (109 Hz) waves now a the test sample which is moved microscopes has already reached
possibility, it has become feasible to two-dimensionally so as to be about the same level as that of
develop acoustic microscopes with scanned by the ultrasonic beam. conventional optical microscopes,
high resolutions on the sub-micron 3. The reflected wave from the thus opening up numerous potential
order. Intensive research is in fact sample is picked up by the sensor fields of application. Areas where
being directed toward the section and is then converted into acoustic microscopes are likely todevelopment of such microscopes at electrical signals for visual display prove immediately useful include

Stanford University in the U.S.A. as on a cathode ray tube. medicine and biology, where they can
well as other research facilities be used to observe cells in vivo. They
throughout the world. Main Features are also useful in physics and
This is an area in which Hitachi has 1. Fine images can be readily engineering, where they offer a
put In a lot of effort, too. in 1978, obta'.ied thanks to two new means for noninvasively examining
the company came out with a developments, a lens system minute samples. One particularly
scanning transmission acoustic capable of focusing the ultrasonic important application of this type isir,
microscope with three micron sound down to a diameter of less the inspection of the interior
resolution. Then, in the autumn of than one micron and a scanning condition of semiconductor devices.
1979, this same system was table almost perfectly free of Although acoustic microscopes are
perfected into a reflection acoustic vertical fluctuation, today used almost exclusively for
microscope with sub-micron 2. The physical properties of structure observation, it will, with the
resolution. materials with complex structures development oi measurement

can be clearly determined since techniques for obtaining quantitativ.
Fine Images Obtained Using a the amplitude mode conventionally physical parameters, become
Micro Lens with High Numerical used in converting the ultrasonic possible to use them for determining
Aperture wave 4nto a visual image has been microscopic properties as well. This
How the reflection microscope works: supplemented by the incorporation will open the way for quant.tative
1. A piezoelectric film is excited by of a newly developed interference analysis of the image characteristics

pulse with a high frequency carrier mode which modulates the wave of medical ultrasonic diagnostic
wave, causing it to generate an into an interference image. equipment and put the acoustic
ultrasonic wave. microscope on the road toward

development as an analytical
instrument.

Hitachi
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developed new software to enable us to record the image in digital form on

floppy discs. We have devtsed a system for recording two simultaneous images

-- each with a different frequency. The difference frequency can be varied as

we wish.

This we believe will lead us into the field of acoustic "spectroscopy",

a important concept since the evidence suggest that the objects that we

investigate are sensitive to the acoustic frequency.

We have done further work on materials -- both inconel and mfnganese

ferrite.

We have been advised by such people as Marchsesault, Director of Research

at Xerox in Toronto, and Sloan at Dupont that our preliminary work on polymers

indicates that we are in a position to tackle some of the more important

problems encountered with these materials. With this in mind, we have

extended the theory for imaging of polymer samples.* It turns out that we

should be able to measure in a quantitative manner both the material density

and the velocity of source point-by-point over the image being imaged. This

will provide us with a wealth of information of use to the polymer chemists.

The work on adhesion of chrome on glass as reported in the last

semiannual report has now appeared in print. This paper has brought the

largest response of any single paper we have published. Thin films and

problems of adhesion seem to represent generic problems of great interest to a

large number of Workers;--- Adhesion is difficult to measure and our method has

great appeal to those working in the field.

A strong effort has been placed on photoacoustics during the interval

covered by this report. We now have an argon laser properly modulated at

microwave frequencies and images are beginning to appear. The work that we

*See Figs. 3, 4, and 5 of Quarterly Report marked G.L. Report No. 3173.



have done, as reported here, concerns the theoretical effort which culminates

in curves which show the photoacoustics response for various combinations of

materials. The photoacoustic response relates the mgnitude of the acoustic

power generated per unit of absorbed optical power.

All in all, this has been a rather productive period which has given us

new inspiration to continue the momentum of our present program of research.

II. NEW INSTRUMENTAL ADVANCES

A significant amount of effort was spent on the design and construction

of a new system that allows digital control and digital storage of the

images. The system is "stand alone" so that it can be transported to

different microscopes. It incorporates two Z-80 microprocessors -- one to

control the information fed to the disc, and the second to act as buffer.

This second feature will permit us to record the images at a much faster rate

than has been possible with previous systems. Our ability to deal with

digital signals lets us work in the realm that has been called "digital image

processing". We can now record a histogram and reprocess the signal by

adjusting the histogram so that it is more or less evenly distributed over the

area of the image. It is known that processing of this sort can improve the

image detail in significant ways. The other system which is now easy to

implement is the straightforward technique of differentiating the signal to

reduce the image contrast and bring out the features such as edges. A

striking example has been published by Hollis of IBM (see book1 edited by

Ash).

We now have in place a new system that permits us to record two

simultaneous images of the same area. The two images can differ in frequency
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by a fixed amount. With this technique we make use of two parallel channels

each with a train of acoustic pulses differing from each other by the

specified interval. The pulse trains are interlaced in time and this permits

us to separate them at the output with proper gating techniques. We are now

in the process of extending the technique so that we can vary the frequncy

differnce in a continous fashion and display this in the image. It will

permit us to monitor and display those features of the object that are

sensitive to frequency. This flexibility will enhance our ability to extract

more and more information from the objects under observation.

11. ADVANCES WITH ACOUSTIC LENS

Our work has continued on the theory, design, and fabrication of acoustic

lenses. This has permitted us to build lens with a smaller diameter (now with

a radius of 16 um). This is culminated in a high instrument operating with a

wavelength of 0.4 micrometers in water.

In Fig. 1 we see an aluminun line lv thick on a silicon substrate with

a 2P sputtered glass overlay. The acoustic images were taken with lens of

radius equal to 44 microns and operating at 2.6 GHz. The line is 15 P wide.

It has been intentionally damaged with a diamond indenter as part of an

electromigratlon study. The optical micrograph in Fig. 1(b) is an oil

immersion interference contrast picture. Of special interest in the acoustic

image in Fig. 1(a) is the network of cracks in the aluminum line which are not

evident in the optical image of Fig. 1(b). The dark area of the indentation

in Fig. 1(a) is seen to be different in its acoustic response from the other

indented areas and from the rest of the aluminum line. A possible explanation

is that the indenter has broken loose the bond between the aluminum and the
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silicon below or between the aluminum and the quartz above. We know from our

previous studies that adhesion failure gives rise to strong contrast in

acoustic micrographs. An alternative possibility is that the indenter has

removed the glass layer from this area.

IV. MATERIAL STUDIES

We have continued to study the nickel alloy, Inconel. The image of

Fig. 2 with its striking contrast is one of the best that we have recorded to

date. We see there both the grain boundaries and the curved lines and the

slip planes as the straight lines. The slip planes are more difficult to

delineate with chemical etching procedures, yet in the acoustic micrographs

they show up with a contrast equal to that of the grain boundaries. The

important feature in these images is the strength of the acoustic reflection

at the grain boundaries. The acoustic response in this form tells us

something of the elastic properties of the boundaries. As yet we have not

unraveled this source of contrast but it continues to interest us.

A second material that we have studied during this interval is a sample

of manganese ferrite. It is a material commonly used for magnetic recording

heads -- a material of some technical importance. Our comparison between the

optical and acoustic micrographs shows that the surface features appear in

both, but the grain boundaries appear only in the acoustic micrographs. The

relative orientation of the grains can be deduced from the change in contrast

between adjacent grains. The one defect is seen as a chip at the narrow

junction between three of the grains. As a result of this study, our friends

at Honeywell Laboratory in Denver have provided us with samples of actual

recording heads. We hope to be able to present the results of that study in
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our next report.

We mentioned in our introduction that the publication of a paper on film

adhesion has attracted attention. One instance of this which is of direct

interest to the Air Force is the call we received from the Hughes Laboratory

at Santa Barbara. They are experiencing problems with the adhesion of Lead

Sulphide films to the sapphire substrate. These devices are used as infrared

detectors. The project is being done for the Space Missle Division in Los

Angeles. Dr. Jim Knight at Santa Barbara has provided us with defective

detectors and we are currently in the process of characterizing these devices

with acoustic microscopy.

V. PHOTOACOUSTIC MICROSCOPY

From our previous reports the reader will be aware of our strong interest

in photoacoustics as a new method for imaging. In essence, it will allow us

to monitor and image the optical energy absorbed by the object that is under

scrutiny. The modulated optical beam periodically heats the sample and

generates an acoustic wave in the liquid surrounding the sample. This wave is

picked up in the acoustic lens and the image is formed with mechanical

scanning as in the conventional acoustic microscope. The new system is

operating with acoustic waves near 900 MHz. We are now recording our first

traces with a good signal-to-noise ratio.

-8-



Our plan is to present, in this section, the results of the theoretical

calculations that we have been performing in order to predict that magnitude

of the acoustic wave that can be expected for a given amount of absorbed

optical power.

1. Scanning Photoacoustic Microscopy

In the photoacoustic effect absorbed light is converted into sound by

the thermal expansion of the absorber and its surroundings. It is the basis

of photoacoustic spectroscopy, where the received acoustic signal detected

by a microphone is measured as a function of the optical wavelength of light

absorbed by a solid, liquid, or gas. 3'4  It can be used to measure very small

concentrations of materials, or very small absorption coefficients. 5'6  Early

flaw detection results by von Gutfeld 24 pointed to the possibility of micros-

copy based on photoacoustics.

In the work to be described here we will first review the work that was

done prior to this reporting interval in order to remind the reader what was

done and to prepare for the next report where we expect images of superior

quality as recorded on the new machine. In the later section on theory we

report the work that was done during this interval. We see there that the

results are presented in forms of curves. These are most useful in pre-

dicting the acoustic output. Figure 3 shows the experimental setup that

was used initially. It has now been replaced with an argon laser that is

modulated with an acousto-optic modulator at a single frequency. An

acoustic lens of radius of 200 pm was used as the receiver.

-9-



The confocal arrangement means that we collect a substantial fraction

of the generated acoustic energy. This is essential to overcome acoustic

losses in the water used as coupling fluid from sample to lens. The use of

the acoustic lens ensures that our output acoustic signal is collected only

from the heated spot on the sample. A potenttil advantage of the high

acoustic frequency is the ability to generate acoustic efficiently with

short modulated optical pulses. We shall see later that the strength of the

photoacoustic signal is a strongly increasing function of the optical modu-

lation frequency for some materials.

The sample was scanned with a scanner from a conventional acoustic

microscope, modified to scan at 1 Hz fast scan rate. Position was detected

in both x and y directions perpendicular to the acoustic lens axis.

These signals controlled the position of the CRT spot. The intensity of the

cathode ray display was proportional to the amplified and detected acoustic

power in a pulse.

The photoacoustic signal is generated by the intensity modulation of

the absorbed laser light. Later we will discuss the theory of photoacoustic

generation and develop a detailed model predicting photoacoustic output for

given laser Input for different geometries. For now we note that the acoustic

wave equation in the presence of thermal expansion for a semi-infinite iso-

tropic solid is:
7

2 T 1 a2T B a2

U V at 11 at

-10 -
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where

T a stress

V s sound velocityS

B - bulk modulus

B - linear coefficient of thermal expansion

C11  , stiffness

0 = temperature rise.

By inspection of this equation we can see the right hand side is the driving

or source term for the stress wave T(zt) . One can also see that the fre-

quency spectrum of the temperature variation e(z,t) will determine the

spectrum of the generated acoustic waves.

Now the temperature rise e is proportional to optical power absorbed,

providing the absorption coefficient a is not a function of temperature.

Thus the acoustic spectrum is determined by the spectrum of the modulation

of optical power absorbed by the sample.

We also notice that in terms of power, with e - Poptical and
2  2

Pacoustic then we have Pacoustic (Poptical

In order to produce acoustic images with this system the system was

confocally aligned, so that the optical lens and the acoustic lens are

focused on overlapping spots. This is a disadvantage of the present system

as compared to other systems, which typically use a microphone or hydrophone

in a gas or liquid cell as the acoustic receiver. There the difficult and

precise alignment of the system is not required.

The resolution we expect in this confocal imaging system is better than

we get from one lens alone. Basically, we expect the overall imaging system

transfer function to be the convolution of the transfer functions of each

- 12 -



lens.23 This means that higher spatial frequencies in the object are passed

by the imaging system and by the criteria discussed elsewhere. This means

greater resolution. A complicating factor here is that acoustic waves will

be produced from a source larger than the optical spot size due to thermal

diffusion. Thus at 840 MHz the thermal diffusion length in gold is 0.23 p.

If we have an optical spot size of 2.0 p we will have a thermal spot size

(where the temperature is modulated at 840 MHz) of - 2.5 p. The square-law

nature of the photoacoustic generation process acts to offset this by

shrinking the effective spot size.

To produce confocal alignment of optical and acoustic lenses, the

acoustic lens acted as the lens of a reflection acoustic microscope to

image a scanned finder grid. A scanning optical reflection micro-

scope was constructed by picking off with a beam splitter a portion of

the l ight returning through the optical lens from the other side of the

same finder grid. The optical reflection microscope image was formed

by focussing this returning light onto a photodiode whose output con-

trolled the intensity of the display. The same X and Y position

signals from the scanner were used to position the spot on the face of

the display. By adjusting the positions of the optical and acoustic

lenses with micrometers on their respective stages, one could bring

the two reflection images - optical and acoustic - into approximate

coincidence. One could improve alignment by forming a difference

image by subtracting acoustic and optical signals in a differential

amplifier. Finally input laser power was increased, the acoustic system

was converted to receive-only mode, and one looked for photoacoustic

pulses on an oscilloscope triggered by the laser shot. The signals were

typically not visible without further search by systematically 'walking'

-13.-



one set of stage micrometers around the position of rough coincidence

already arrived at. Once located, a photoacoustic signal could be kept

in sight for several hours. The images could be made over various areas

of the sample.

To produce the image, the detected, sampled and held photoacoustic

pulse supplied the intensity control for the display, wtfile sample posi-

tion sensors X and Y controlled CRT spot position.

The earliest images produced with this technique were anything but

nondestructive. In particular, images of a 1 mil (25 j) thick Al foil

and a Cr/Al finder grid pattern were imaged with this technique and these

images have been published elsewhere. Damage to the samples due to

the high temperatures reached during imaging was severe. Holes were

burned through the 1 mil Al foil, and both Al and Cr in the grid pattern

were severely damaged. The melting temperature of Aluminum is 660 C;

that of Chromium is 1857 C. We conclude that local temperature changes

of 2000 C or more were produced in this first imaging effort.

In a second round of imaging with this photoacoustic system the

scanning and positioning system was improved. In Fig. 4 we show

optical and photoacoustic images of a gold finder grid 1S00A thick

evaporated on a microscope cover slip. 1.8 p of sputtered glass (X/4

at 840 MHz) was deposited on top of the gold, on half of the finder

grid pattern, including the letter 'V' as shown. The sputtered glass

layer was intended to serve as a quarterwave acoustic transformer from

gold into water. It was observed to function as such, since the portion

of the finder grid covered with the sputtered glass was observed to

have -6 dB higher photoacoustic signal than the portion of the grid not

- 14
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covered with this glass.

In the optical reflection microscope picture of the letter IY',

Individual glass particles from the sputtering process are visible on

the gold pattern. Many of these are recognizable as dark areas in the

photoacoustic image as well. Presumably they act as scattering centers

for the photoacoustic pulses.

At the bottom of the circular band surrounding the letter 'V is

an imperfection in the pattern visible in the optical micrograph which

is not visible in the photoacoustic image. It is a small area of metal

which was evaporated onto photoresist in the process of laying down the

.grid pattern. It did not break away cleanly in the liftoff pro-

cedure. This area of metal is still attached to the well adhered grid

pattern, but is not itself well adhered to the glass substrate. The

area in question was evaporated onto photoresist, which was dissolved

away during liftoff. It is laying on the glass substrate zind is covered

with the sputtered glass.

The lack of adhesion is shown by the photoacoustic picture, which

simply does not show this area at all. The photoacoustic picture was

taken before the optical picture, If we assume this piece of metal

was left on at liftoff, it must have been physically present in the

sample when the photoacoustic image was made. It must have been

the different boundary conditions at the gold-glass interface which

resulted in no photoacoustic signal. As we shall see, the theory of

photoacoustic generation predicts that light absorbed at a free sur-

face is much less efficient in generating a photoacoustic signal than

a constrained surface. The non-adhering metal area we have been dis-

cussing is seen to act as a free surface.

-16-
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The optical micrograph in Fig. 4 was taken after the photoacoustic

imaging. There is no visible damage in the optical picture. In other

pictures taken of other areas of the same glass/gold/glass grid it was

found that with optical power approximately twice that in Fig. 4, the

gold started to melt. The melting point of gold is 1064 C. We con-

clude that temperature changes of several hundred degrees C were

encountered in the photoacoustic imaging of Fig. 4.

In Figs. 5 and 6 we see photoacoustic images of an integrated

circuit. This circuit, a test silicon on sapphire device manufactured

by RCA, was illuminated by the laser pulses through the sapphire sub-

strate. The laser light was absorbed at the bottom of the layers

making up the integrated circuit structure. Sound propagated from

the front (top) side of the devices to the acoustic lens. The photo-

acoustic signal is absent where there are no optical absorbers present.

Different image intensity is seen for different types of device layers.

A feature worthy of note is that areas of uncovered silicon (visible

as lightly covered areas in the optical pictures) give much weaker

photoacoustic response than areas of a aluminum or aluminum-covered

silicon (black in the optical pictures).

2. Theory of Photoacoustic Generation

To predict the photoacoustic response we will adopt a plane-wave

model. The incoming intensity-modulated light will be absorbed and

raise the temperature of the absorbing region. The heat diffusion

process will determine temperature rise as a function of position.

This temperature function is used as the driving term in the acoustic

- 17 -



SILICON ON SAPPHIRE IC

(a) OPTICAL TRANSMISSION

(b) PHOTOACOUSTIC

FIGURE 5
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SILICON ON SAPPHIRE IC

()OPTICAL TRANSMISSION

(b) PHOTOACOLJSTIC

FIGURE 6
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field equations, which are solved to find the acoustic power in the far

field. The method of coupled modes9 is used to solve for the generation

from the distributed source region.

Figures 7 and 8 show the specific models we are postulating. In

Fig. 7 light enters as a plane wave of intensity 10 through trans-

parent medium I . It is absorbed in medium II, the light intensity

varying as Ie'°' . Heating and resultant thermal expansion of the

heated boundary region generates acoustic waves that we detect in the

far field of region I or region II. We eventually assume the incoming

light is intensity modulated with angular frequency w , and the re-

sultant acoustics are at the same frequency. In Fig. 8 we make region II

a layer of thickness L and there the light is attenuated as I 0 eZ

Region III is transparent. We will solve for the temperature distribu-

tion as afunction of position, and use this as the driving term in the

acoustic field equations. We will solve these with coupled mode vari-

ables for the far-field acoustic strain and power.

3. Two-Layer Model: Heat Flow

The theory of heat conduction 10 tells us that heat will flow when-

ever we have a temperature gradient in space. For the case of one-

dimensional heat flow, we will have:

f =-k A. (.1)

2
where f is the heat flux in watt/m, 0 is the temperature, and K

- 20 -
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FIG. 7.. (a) Production of the thermal wave, two-region case.
(b) Temperature profile for the two-region case.
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FIG. 8. (a) Thermal waves in the 
three-region case.

(b) Temperature profile 
three regions.
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is the thermal conductivity in (watt/km). If the heat flux changes

with position z , there is heat being deposited or generated in the

medium. The rate of heat absorption in a volume element AzAA is:

-Az ) AA

where the negative sign accounts for the fact that if Df/Dz is a

negative number, net energy is being absorbed in the medium, if we

assume a flow of heat toward positive values of z

The medium may also be heated by absorption of optical energy.

For light traveling towards +z where the intensity varies as

I oe= z

we will have energy absorbed by the medium equal to:

for a volume element AzAA . Both the change in heat flux and the ab-

soprtion of optical energy will cause a change in the temperature. For

a volume AzAA this will correspond to rate of energy absorption

PC 1- AzAA
at

where p = density; C = specific heat . Equating heat absorbed to heat

required for temperature change 0 , we find that:

P * t " (5.2)

- 23 -



We now assume sinusoidal excitation, and this gives:

a a -JwCo + CiI eL (5.3)

ge . .-I f (5.4)
az K (4

where (5.4) simply restates the definition of heat flux f

The standard method of solving these equations for the temperature

e(z) Is to eliminate the variable f . One is left with the diffusion

equation, and there is a large literature devoted to solving this equa-
conitins.10,21

tion under a variety of boundary conditions. However, to point out

9the advantages of coupled modes, we will use this method to solve for

the temperature distribution.

We multiply Eqs. (5.4) by Zt and add it to Eq. (5.3):

Zt ( + jpCK \
z t(f K+ z /')-t

+ alo0e'Cz (5.5)

Now let:

z ,, JeopCK

or z - (I+J)i- (5.6)

and we have:

aZ ZL(f+zt) -!(f+ze)+ C1eCz (5.7)
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or, letting

t  f + Zt (5.8)

we have

+ t t + IoeZ (5.9)

az K +0

Similarly, if we multiply Eq. (5.4) by Zt  and subtract from

Eq. (5.3), we get

= zt at + -le'Z (5.10)
az K

where

at .  f- Zt . (5.11)

The advantage of transforming to normal mode variables is that

we have uncoupled the equations without having to go to a second order

equation. Equations (5.9) and (5.10) can now be manipulated to a form

that is directly integrable. We let:

t t -TZ
* a+ z=d+e

at =de+ z  (5.12)

where

z
S1 + j) (5.13)

K 
I -
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Then Eqs. (5.9), (5.10) become:

ad~t
O + *1 e"(a t)z (5.14)

Sz

adt
3_t = 0 e'(a+r)z (5.15)
az0

We now apply these equations to the two regions I and II. In

region II we will have, by simple integration of (5.14):

t - e-la-r2)d+2(z) - d+2(0) = aI0 f

0

where 4 is the dummy position variable of integration. Integration

gives:

d! 2(z)= l (e-(  -1 + d 2(0) (5.16)

2 - 2

Similarly, for the negative-traveling mode in region II,

dt2(=) - dt2(z) sIo f e1T2)d4 (5.17)
z

Since we have no heat flow from += , dt2(-) = 0 and

dt2 (Z  = - e (5.18)
a +T 2

t an t

We can now put these back in terms of a+ and a to get:

at2 (z) - + --- T e'2z e ) + a+2(0) e 2  (5.19)+2 a +  a+T02( .
-22
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at (z)_ e" z  (5.20)
a2(z + 2

In region I we have no sources of heat, and hence Eqs. (5.10) and

(5.11) simplify to:

t
-al tl at -Tla l

3z K1  +1

and

3z KI

Since a+1(-) 0 , we will have

at 1(z) = 0

.and
a at O t  T z

at(z) = a(O)e(5.2)

What remains is to match boundary conditions at the interface

Z = 0 . There we must have continuity of the temperature 6 and the

heat flux f . For the latter (f) we must have:

~(+ Ii+2( ) + a-2(0) (5.22)

For the former (e) we will have:

- a. (0)) ait2(0) - at2(O) (5.23)

Substitution of our results for a t (z) , al(z) , at2(z) and at2 (z)

into these gives:

- 27 -
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a- 2t(o (5.24)
1 (6 21 + )(a + 2)

at(o) (1 - 621)102 (1 + 621)(a + T2) (5.25)
t t

where we have let 21 =Z/Z

Using Eqs. (5.19), (5.20), and (5.21) we can write for the tem-

perature distributions:
tlZ

01(z) = e11e1 (5.26)

e2(z) = e20e + e22e (5.27)

where:

oil CI0 (5.28)
Z ( + 621)(a + r2 )

0I o (I + 621(Ca/T 2 ))

t a - (1 +I + )
(2

02'2 0 2 ~ 1 (5.30)

If we let

al0

002 ( 2 15.31)
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it may be shown that:

62 U00 ( 21 r)(5.32)

+ 6 21)

e22 U - 002 (5.33)

Again we have defined:

Zt t
Z |lC1,2 K1,2 (5.34)

1,2

T2,2 a (5.35)
K1 ,2

621 2 2  (5.36)

To calculate the maximum temperature excursion of the sample, we

note that the peak temperature will be at z = 0 , where

el(O) = Ol= e2(o) = 20 + '22

In Table 5.1 are listed some calculated peak ac temperature excursions

at the interface z = 0 for a variety of combinations of materials for

a 100 MHz modulation frequency, with 1010 W/m2 . 10 mW/02 absorbed. We

note the remarkable similarity in results for various types of medium I

used with the metals and silicon. This is because the metals are better

heat conductors than the first media (pyrex, sapphire, water), so the

first medium is of minor consequence.
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TABLE 5.1. Maximum Temperature Excursion at 100 MHz for Optical

Intensity Absorbed I - 1010W/m2 , 10 mW/ji 2 .0 .1(g)
Medium 1 Medium 2 a, m Temperature e11

Pyrex AL 1.12 E8 19 C

Sapphire AL 1.12E8 16 C

Water At 1.12 E8 19 C

Pyrex Au 7.60 E7 18 C

Sapphire Si 3.29 E6 16 C

Pyrex Water 1.00 ES 0.37 C

Pyrex Water 1.00 E6 3.7 C

. Two-Layer Model: Acoustic Generation

Having solved for the temperature profile excited by light inten-

sity modulated at radian frequency w , we can proceed to calculate the

generation of acoustic waves. The coupling from a fluctuating tempera-

ture distribution to propagating sound wave is via the coefficient of

thermal expansion.

For a one-dimensional isotropic model , Hooke's law takes the

form:

T a c11S - e (5.37)

where T = stress , S - strain , c1l = stiffness , B = bulk modulus,

0' a linear thermal expansion coefficient , 0 = temperature change.

Bulk modulus B rather than Cl is used in the second term because

by the nature of thermal expansion the stress it causes is a hydro-

static pressure increase rather than a directed traction force.
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For sound propagation in one dimension (z) in an isotropic medium

we have:

at as (5.38)

where u = particle velocity. This is just the time derivative of

the definition of strain. Substituting in (5.37) we have:

u _ 1 T _ Le (539)
-az cl 5t at

where 0 B0'/c11 . Newton's second law for this case is:

aT au (5.40)

Equations (5.39) and (5.40) are two coupled equations in the variables

T (stress) and u (particle velocity). Letting Zo = pVs , where

Z0 acoustic impedance, V. = sound velocity, we define

a = T + Z0u (5.41)

a- T- Z0u (5.42)t t
where a+ and a (with no superscript as in a+, at) are positive

and negative traveling acoustic normal modes.

We assume that temperature waves and sound waves are time harmonic

and hence a/at jw . Then

1aT
az -joPu (5.43)

and

au T . T. J lO) (5.44)
r z Cl
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To transform to normal modes we multiply Eq. (5.44) by Z 0  and add to

Eq. (5.43):

(T + ZU) --j LO T -jwpU- Jw Ze (5.45)

With c1  uPY2  and k wI

S(T + Z u) =-jk(T + Z u) -Jkc 1108 (5.46)
3-z 0 1

or:

9z. +k ica+, -Jkc11se (5.47)

Similarly, if we multiply Eq. (5.44) by Z0 and subtract it from

Eq. (5.43) we get:

S(T -Zu) = Lw (T-Z U) +ji(W/V )c 06 (5.48)
az 0 V o s 11

or

-k ia =+jkc11BO (5.49)

We make a change of variables to carry out integration:

a+ dei-kz and a d e+Jkz
+

This changes Eqs. (5.47) and (5.49) to:

a+ -Jkc 11 0eikz (5.50)
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and

ad -jkz (5.51)

If we now assume e is different from 0 over a region extending

from z, to z2 we can integrate these equations:

d+(Z) - d+(z1) -Jkc11B f 6e+jkt dC (5.52)

and Zl

d(z 2) - d(z) = +jkc116 af ee j k d, (5.53)

z

which yield:

(z)= - jkC 0e Jkz zjk(Z.

Sf J ee d4 + a+(zl)e" (5.54)
zi

and

a(z) = -Jkclloe+Jkz f eeJ k d + a(z)e (2) (5.55)

z

Let us now return to the specific case of the two semi-infinite

media meeting in the plane z = 0 , with optical energy incident from

the left in transparent medium I and absorbed in medium II. In medium

1I we have previously found the temperature in Eq. (5.27) to be:

e2(z) 20e 2+ e22e
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Putting this in Eqs. (5.54) and (5.55) with z 0 , 2 ,we find:

z - Jk2022c1 12e 2 0 -T2z -Jk 2z

a,2z,(jk 2 - T 2 )' -

jk 2 c11202022 (e-a e.A2z
- (e2- -e

(jk 2 - as) I

-j k,z
+ a+2(0) e (5.56)

a-2(z) e-i 20 e2z + e (5.57)(" 122 ['2 + jk 2  t+ jk 2

We have set a-2(-) = 0 , since there are no sources of sound in the

far field, either on the right or the left. For region I, using
S1z

0l(z) = elle (Eq. (5.26)), with z , z2 = 0 , we substitute in

Eqs. (5.54) and (5.55) to find:

+(Z) - e (5.58)
xl + Jkl

and

_____c______ [e k z  jklz

a 1l(Z) = j 1- 1 - e lz]+ a,(O) e (5.59)

At the interface at z = 0 we require continuity of stress T

and particle velocity u . Since 2T - a+ + a and 2Z 0u aa - a,

3 4 -K ....
______________________________________ 1 ~ ,LI



the boundary conditions can be written as:

a+1(0) + ai(O) = a+2(0) + a_2(O) (5.60)

A21(a+l(O) - a_1 (0)) = a+2 (O) - a1 (0) (5.61)

where we have defined A21 = Zo2/Z01 Substituting the values for the

various a's from Eqs. (5.56), (5.57), (5.58), and (5.59), into Eqs.

(5.60) and (5.61), we can solve these equations for the remaining previous

unknowns, a+2(O) and a1l(O) . The results are:

a+2(0) = 02 [ jk 11
ZoI +Z 02 .T 1 + jkl1

F022 02 (5.62)

Z Z jk2C1102 a + jk2 + 2 + jk2

A-(0 Z 1 k 0~ + 820

a 1(°)o 1 2 c 112 2  + *k 2  2 + jk 2 )J

z ____ 11 11 (5.63)
Zo +Zo T + ike J

Finally, in the far-field region where the sound will be observed,

Eqs. (5.56) and (5.57) simplify somewhat because in the far field all

terms containing exponentials with real parts go to 0, leaving only

terms containing e±Jkz . Then in this limit we will have:
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r '22 ' ,'o(0)
a+Q(z) 2 2 c112 62 20k2 (5.64)

(jkc 8 eJklz
a ,(z) c1 111 + a_(o)e 1 (5.65)

- Jk1 - -i

If we substitute in for a+1(0), a-1(0) , and get ij, we get, after

some rearrangement,

a ) 2jklo 18 1 11A21 (;- ' 21 j k2c 11202

2 1 (1+A 21)+S 621) (+ - T2__

21 1+j
x k2 +l 21 r22'-

1j 2- +A11+ -- 1 + 6 21
T2  T2

j k2 + A 1)21+ e

(5.66)

(Z) JklC11B21 (2 1)[( - A2 1  1 1

+ 62) + &21 + j El ) I _

2jk c 1 02  ( + 6 T Al
T2 11 [ 21 TO 2  jjo klZ
2 A21) (1 + 621) ( T2i)-7~7~

(5.67)
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These expressions are the complete solutions for the far-field

acoustic modes, and are rather complicated as they stand. We would

like to consider them in limiting cases of interest. First, suppose

we have strong optical absorbtion (a >> T ; a >> k2) and moderate

diffusion (Ti >> ki ; i=1,2). We will keep terms of the form

A21(k2/T2) , because A21 may be large. Then substitution of these

limits and substantial rearrangement gives:

-jklz 21o621 _Vs_2

a (z)e 1 [s221_________

(1+A 2 1 1 (1+ '21) C2

I ( IA21 )02 K2  (.8

a+zekZ -(1+A 21)(1+S 21) C

[1+ !2 _(!J) (,cz1 2]
x I + JA 21 T 2 ~2 K ''2' (5.69)

where Ki a thermal diffusivity (Kilpici)

We can simplify even further by assuming that medium 1 has

properties identical to medium 2 (except that 1 is transparent

while 2 absorbs light). Then we find that:

a+2 (z)e~2 = a jk(z)ekl " 2 + i(k/T)] , (5.70)
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In the low-frequency limit as k/T - 0

a WezAe2  = a - Z= - [ o 0 (5.71)

This reduces the photoacoustic conversion problem to its simplest

form. There.are no reflections of acoustic or thermal waves.

We see that the simple expression [V s/C] gives the conversion

of light intensity to acoustic stress.wave amplitude directly. In

terms of acoustic intensity, we have in this limiting ideal case:

Jac [ 0 [ Io = 0 (5.72)

The proportionality constant n between Iac and I2  is seen

ac 0

as an intrinsic conversion factor characterizing a material. It

is the efficiency of conversion of light to sound in the absence of

effects due to mismatch in the properties of materials.

In Table 5.2 we list the thermal and acoustic properties of se-

lected materials. The intrinsic conversion factur n for these materi

als is listed in the table. We note that the only gas in the table,

STP air, is by far the most efficient converter, owing to its high

expansion coefficient and low density. The liquids in the table are

more efficient than the solids, again owing to larger expansion coef-

ficients. The conducting solids listed are more efficient than the

semiconductors and insulators, although one could find metallic sub-

stances such as Invar, which would have conversion efficiency zero

owing to a vanishing expansion coefficient.
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Returning now to the case of two different media in the limiting

case of kt << -t1  k 2 << a, '2 <<  , as expressed in Eqs. (5.68),

(5.69) we note that the positive and negative traveling modes a 1

and a2 are equal and independent of frequency (provided the fre-

quency is sufficiently small enough that (k/rIlA21) << 1 and

A21(k2/ 2) << 1). The acoustic intensities carried away to the far

fields by these modes are unequal, however, since

l I2

'ac L

The acoustic intensity will be inversely proportional to the acoustic

'impedance. We are postulating conditions here corresponding to a thin

plane transducer at the boundary between two half-spaces. The ratio of

the acoustic intensities radiated into the two regions in this case is

just whit we have found.

At frequencies where A21(k2/T2) or (k1/A21TI) cannot be neg-

lected compared to 1, the acoustic mode amplitudes in Eqs. (5.68)

and (5.69) become frequency-dependent. Assume for example, that

21 (k 2/2) - 1 , but (k1/A21TI) << I . This obviously may happen if

421 >> 1 . As an example, if medium 2 = gold, medium 1 = water,

and A21 = 39.1 , then Eqs. (5.68) and (5.69) become:

- 1 (5.73)a1(z)e 1  1* + _ _2
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a+2(z)e A2 - 21 0 21r s2]
(I+ A2 1 )(0+ a21) C 2xF+ ( K ~ /2 K(!i.)A /2) 1/21

(1 +Al( j) A2 _) L'-.74J

In this case the negative-traveling mode is seen to remain flat as a

function of frequency, whereas the positive-traveling mode has the

1/2form A + (I+j)BwI where A and B are real expressions. The

acoustic intensity then has the form Iac A 2 + 2ABw 1 2 + 2B2 W

In Fig. 9 are plotted the intensities, I, and 12 of acoustics

generated in media 1 and 2 for the combinations methanol-aluminum

(A21 = 21) ; water-aluminum (A21 = 11) ; pyrex-aluminum (A21 = 1.33) ;

sapphire-aluminum (A21 = .39) . Aluminum is medium 2 in each case. The

full expressions [Eqs. (5.66) and (5.67)] with no approximation are used.

A listing of the program used is given in Appendix C. The ordinates are

acoustic far-field intensity in watt/m 2 for optical absorption of

2
I watt/m . The main features of these graphs are in accord with our

previous discussion. Ii is, in each case, nearly frequency-independent

as we expect. 12 is flat at low frequencies, and is approaching a value

of:

120 [ 1 ii 2I 2 I (5.75)( A 21)(1+8 2 ) 02z/ ,: K - 8 L I zJ

at the left edge of the graph in Fig. 9. The limiting value of I

at the lower frequencies, 11 , is related by the ratio of acoustic
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impedances:

o10 120 ( (5.76)

01

At higher frequencies 12 becomes an Increasing function of fre-

quency as A21(k2/A2) is no longer negligible. For example, at 100 MHz,

1A21(k2/t2)1 = 0.91 for the combination (1 = methanol, 2 = aluminum).

In the range 100 MHz - 1 GHz the average increase of 11 with w is

c .55 , in line with an initial dependence as w 1/2 , approaching

proportionality to & at higher frequencies.

Thus far we have assumed % >> T2 . and thus have been dealing

with strong optical absorptions. Since a is independent of modulation

frequency and T - w1/2 , at some frequency this assumption fails to be

valid and we have rather different behavior than we have seen thus far.

If we still assume k1<< S k2 << T 29 and k2 << a , but we now

assume T2 >> a , and keep terms involving A21(k2/a) , then we find

Eq. (5.66) and (5.67) become:

jk z 21 ~s8

a+2(z)e 1 + \ 212 (577

(1 + I 1 c2

(I62 + a1) C + -2 (5.78)
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Let us dispose of Eq. (5.78) for a_1 by noting that since

r2 -(]+j)w 1/2 , a-1  has the form: a- (z)e 1 A(l+j)w "1/2 + B

where A and 8 are real constants. Thus in this limit

I1  2A -1 + 2AB 1/2 + B2

The equation (5.77) for a+2  in this limit is quite interesting in

2that it gives an acoustic intensity proportional to w for A21 >> 1

Cases in point are the combinations (medium 1 = 10-5 atm air; medium 2 =

9
silicon; A21 6x 10 ) and (medium 1 = water; medium 2 = silicon;

A21 = 13). The high values for A21 mean that both first media look

more or less like free surfaces to higher-impedance silicon. For sili-

con with incident optical radiation of wavelength 8000 A,ci= 3.29x 106m-1.

In this case jT2 /Z/al = 1 at frequency 169 MHz. For comparison, this

value of a is a factor of 34 smaller than that for Al used in Fig. 9.

For Al, [T2/v4/al = I at 483 GHzj Hence no trace of this effect will

be found in Fig. 9. Equation (5.66) is plotted as a function of fre-

quency for several first media with silicon as medium 2 in Fig. 10,_

In Fig. 10 we see that for a range of frequencies for the combina-

tion water/silicon from about 200 MHz to about 2 GHz, 12 in silicon

is a rapidly increasing function of frequency, the variation approaching

12 c w2 . In this range of frequencies the relation (5.77) is a good

approximation to the exact equation (5.66), which is plotted. For

example, for water/silicon at 1 GHz, Eq. (5.77) predicts 12 = 8.7x 10"18

Wm 2 ; the exact value from the graph is 9.1x 10-18 W/m2.

The approximation in Eq. (5.77) breaks down at the highest fre-

quencies in Fig. 10 because k 2/a is no longer small and the curves

reach a maximum at - 4 GHz.
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We see that for the approximately free-surface case, in cases

where ITj > a , there is strong reason to prefer high-frequency

modulation. An immediate case in point is electron-beam/acoustic

microscopy, where medium 1 would be vacuum, medium 2 a solid, and a

would now correspond to thelelectron-beam attenuation coefficient. The

acoustic signal is detected with a piezoelectric transducer in contact

with medium 2. Agraph for vacuum/Si 12 would have the same 12 c2

characteristic for values of a such that IT2/r/aI > I . The graph

shown for air/silicon shows a signal increasing by two orders of magni-

tude between 100 MHz and 1 GHz for a = 3.29 x 106m . A corresponding

increase will be observed at lower frequencies for smaller a.

To exhibit the dependence of acoustic intensity on absorption

coefficient, Fig. 11 plots Eq. (5.66) for 12 in silicon for the

combinations 10-5 atm air/Si, water/si, pyrex/Si, and sapphire/Si,

as a function of absorption coefficient a . A modulation frequency

of 100 MHz is assumed. For high values of a at the right side of the

graph, we find 12 is independent of a , as is predicted by Eq. (5.69).

In this regime we get a huge variation in generated acoustic intensity

depending on the acoustic impedance mismatch (and thermal mismatch)

across the boundary. Thus the 12 signal level in silicon is 30 dB

higher with sapphire as medium 1 than with 10-5 atm air (approximating

vacuum) as medium 1. This large dependence of acoustic signal on load-

ing conditions of the surface has earlier been noted by White and

von Gutfeld.

Physically we may understand this in terms of the reflection of

waves at the boundary between medium 1 and medium 2. If the boundary

. 45
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is a free surface, the negative traveling acoustic wave is completely

reflected at the free surface boundary with a 180 ° phase change. When

>> k2  and [r21 >> , the positive traveling acoustic wave and

reflected negative traveling wave are out of phase and cancel, leading

to small acoustic intensity in the far field. If medium 1 and medium 2

have equal acoustic impedances, there is no reflection at the boundary,

and far-field acoustic intensity comes only from the positive-traveling

wave. If medium 1 has infinite acoustic impeaance the negative traveling

acoustic wave in medium 2 is reflected at the boundary with no phase

change. If again a >> k2  and iT j >> k2 , the positive traveling

acoustic wave and reflected wave are in phase, leading to a large far-

field acoustic intensity in medium 2.

As we move toward smaller values of a in the left side of

Fig. 11, the graphs converge to near equality, as is predicted by

Eq. (5.77). The water/Si and 10-5 atm air/Si curves in particular are

falling off as - in the range of a between 105m- and 106m - .

For these materials, in the regime where A2 1(k2/a) >> 1 , Eq. (5.77)

simplifies to

a Weik2 -2j Io  (5.79)

or

S22 2 [1 2  
(5.80)I2 0 x

2which corresponds to the 1/at dependence seen in Fig. 10 for

water/Si and 10- atm air/Si.
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The two-medium casemay be compared with White, whose classic papery

considers absorbtlon in an infinitely thin boundary layer of a semi-

infinite medium, and their diffusion and expansion due to heating.

He considers two cases relevant to our results: a perfectly con-

strained surface, and a free surface. For the free surface, White

predicts, in the limit IT21 >> , in our notation, that far-field

stress

2K/21/2 

IT21 = (5.81)
C2

where this is a rearrangement of White's Eq. (5.10). For the case

vacuum/gold, Eq. (5.81) predicts, for f = 100 MHz , the far-field

stress in Gold T2 = 13.2x 10-5 (N/m2 )) . Using Eq. (5.66) for the

case STP air/gold one obtains T2 = 2.6x 10-5 (N/rn) , a discrepancy

of 20% in stress, 44% in power.

White's other relevant case, the perfectly constrained surface,

predicts the stress in medium 2 for the case 1I21 > k2

IT21 = 1 0 (5.82)
C2

where we have rearranged White's Eq. (5.10) to fit our notation.

Recall that Eq. (5.71) for far-field stress in the matched boundary

case becomes

1

IT21 - 2Vs2 o  (5.83)
2 C2
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when we convert mode amplitude a+2  to stress. The doubling as we go

from the matched case (5.83) to the perfectly constrained case (5.82)

-may be attributed to the reflection of the negative-propagating

acoustics generated in medium 2 at the Z01 = - boundary.

For example, in the case sapphire/aluminum at 100 MHz, Eq. (5.66)

leads to stress T2 = 1.24x 10-4 N/m2 whereas Eq. (5.82) gives

T2 = 1.73x 10-4 N/m2 . There is about 3 dB difference between the two

values, somewhat more than in the free-surface predictions just con-

sidered. Considering the range of acoustic and thermal properties
available in real materials, Eq. (5.82) seems somewhat less useful for

the case of solid-solid interfaces than Eq. (5.81) is for gas-solid or

liquid-solid interfaces.

5. Three-Layer Model: Heat Flow

We now consider the 3-layer geometry of Fig. 8 in which light

enters through transparent semi-infinite medium 1 on the left and is

absorbed in medium 2, with optical intensity 1(z) = 10e' Z in medium 2.
Medium 2 is an infinite slab of thickness L which contacts medium 1

at z w 0 and semi-infinite medium 3 at z = i . Medium 3 is assumed

to be transparent. Our procedure is to first solve for the temperature

.bution in space, and then use this as the distributed source for

positive and negative traveling acoustic modes. We shall be concerned

finally with the far-field modes in media I and 3, and their associated

acoustic power. Parker 20 studied the case where medium 1 was glass,

medium 2 a negligible-thickness absorbing layer, and 3 the gas in a

photoacoustic cell. Rosencwaig and Gersho 21 solved for the pressure in a
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gaseous medium 1 when medium 2 was an absorbing solid and medium 3, a

backing material, von Gutfeld and Budd 22 considered a 3-layer case where

medium 2 absorbed all optical power in an infinitesimally thin surface

layer. They found the acoustic signal in liquid medium 3 to be strongly

dependent on layer thickness and choice of liquid.

Our analysis to follow is applicable to any choice of media 1, 2,

3 and we arrive at exact analytic expressions for far-field acoustic

amplitudes with no initial assumptions on the relative sizes of optical

and thermal skin depths or acoustic k-vector.

We proceed as in the single-interface case. In medium 2, pro-

ceeding as in Eqs. (5.16) and (5.17), but noting that integration in

the latter is now from z to L , we arrive at the 3-layer analogs of

Eqs. (5.19) and (5.20):

at - L 0__ [e- 2 z -etz1 _T2z
a+2(z) = - + 2(O)e (5.84)

L- -r

a2(z) [ - e + a 21£)e (5.85)

Since the heat source exists only in medium 2, in media 1 and 3 we will

have:

at (z) = a iz(O)  (5.86)

a3()= a3(t) e 3(z) (5.87)
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and ai+1(z) = a-3 (z) = 0 .The boundary conditions are that heat

flux f and temperature 0 are continuous at z =0 and at z I

Application of these permits us to evaluate the unknowns at1(0),

t+() a_,(l and a+3(f) Then in region i we recall that

temperature Oi(z) = (a .~)at ~) Solving for e.(z) in

region 1, we have:

T Z
el (Z) = 0 1 1 e (5.88)

In region 3:

03(z)e= '3Ze 3 (5.89)

In region 2:

0 2 (Z) e 20 e- +60 2 1 e 2 + e 22 e (5.90)

where solution of the boundary condition equations yields:

0 1 21' 0 [ (1 - 623) (-,S.. + 1) e-T 21 + (1 + 623) (S!I e- 2

Dt22

+ 2 (1 - 6 23 ~)ej(.1

823002 2-)/(+T)
0 30 D F(1 621) 1i - T2~ 1) (1+621) (i +

2 21 + 621 , (5.92)
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020 D %2[1 23) (1 + 621 T )2 t -(-623) ( 623 T

(5.93)

021 !0 (1 a 623) (1 + 621 )eT2t 0( + 6 21) (1 623 e-")j

(5.94)

022 = - O2 (5.95)

where

8 zt/z t  p i 7Ki' (5.96)1 i / j = V -- h

602 is given by Eq. (5.31), and

Dt  (1- -2( 23eT 2L 2

Dt 621)(1 - - (1 + 621)(1 + 623 )e (5.97)

These solutions for the temperature distribution in the 3-medium

geometry agree with the harmonic part of the solution given by

Rosencwaig and Gersho2 1 for a similar 3-medium geometry.

6. Three-Layer Model: Acoustic Generation

With the temperature distribution in the 3 regions known, we can

solve for the acoustic modes. Since there are sources [non-vanishing

a (z)] in all 3 regions, we will have positive and negative traveling
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modes in each region. For region 1,

a -jkZf jk3  k~

a+1 (z) -jkIC 11 10e j f el()e d; + a+l(-m)e jklz  (5.98)

where the third subscript on c 1I designates the region. Since

a+l(--) = 0 (no acoustic sources at - ) with Eq. (5.88) we are

led to:

jk 1 1c S e0 z  T z
(Z) = - 1 1  e' Ele (5.99)

+1 +  k

Similarly, for the negative traveling mode

jkz
aI(z) = -jkcl111 1e 1161 (t)e ki d + a_(O)e k z (5.100)

z

which yields

a_ 1Z) = (jk T 1 ) e 1 - 1 + a_lO)e (5.101)

In.region 3 we have:

a.3(z) = -jk3c11303e k3z O3(t)e 9.?i + a_3(4o)e 3 (5.102)

z

No acoustic sources at z = 4- means a.3(+0) = 0 , and then substi-

tution of Eq. (5.89) results in:

a-3(z) "jk3c11303O30 e- 3(z
¢-) E3 u3(z-()

.3 z (i= = )eE 3e (5.103)
(jk 3 + r 3)
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For the positive-traveling mode in region 3 we will have:

a+3(z) = -jk3c113B3 e j 3 3()e j 3 d + a+3()ejk3(Z-

(5.104)

We substitute Eq. (5.89) for 03 and get:

at____3__1133__3 [e-1 3(Z-1) -jk k3 (Z-O + .~ -jk 3 (z-t
+~3(z) = [(k - e J) + 3(e

(5.105)

In region 2 we will have:

a")=-k~ 1 2  j k2z a k2d "ik2z

a+2(z) = -jk2c11262e 2 2( )e d; + a+2(O)e (5.106).
0

Substitution of Eq. (5.90) in this expression yields:

a i ) j kk 2 2i) zcI)ej k 2 +  T 2

Jk 2 k-+r2

x (e (jk2+T2)z - + jke2 2c (e (jk 2-)z -4+ a+2()e k2z

(5.107)

Let us define E22 as the entire first term on the right evaluated

at z = 9, , that is:

a+2(z) = E22 + a+2(0) e-jk2 (5.108)
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Likewise, the negative mode will be:

a_ (z) = -jk2c112 2e A2 z ()e'jk2td4 + a-. 2)e (5.109)

z

Substitution of Eq. (5.90) and integration gives us:

a_2z +jk2110 jk 2z [ 0jk20+T2 e (jk2+ ) ~e(k2+T2 )z)
a.lz =+Jk2Cll2B2e (Jk2 +t2 )

+ (e2 e ()(e - Tjk2 "2 )1 e -(jk 2 - 2)z)
(jk 2- T 2)

e022 -(Jk 2 +) -(Jk 2+a)z)+ i22 - e

(jk2 +a)

+ a2()e 2((5.110)

We define E20 as the entire first term on the right side of this

equation at z = 0 ; that is:

a 2 (O) = E20 + a_2(z)e 2 jk2  (5.111)

The remaining 4 boundary conditions (the first 2 were vanishing

a+,(-) and vanishing a.3(+-o)) are equality of stress T = (a++ a_)/2

and particle velocity u = (a+-a.)/2Z0  on both sides of the boundaries

at z = 0 and z = ,
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T at z= 0

a+1(0) + at(O) = a+2 (O) + a.2 (O)
-jk2I

or E + a~1 (O) = a+2(O) + E20 + a.2 e (5.112)

u at z= 0

z
Z.-2 [a+1(O) - ai(O)] a+2(O) - a-2(0)

or: &21 [-a_1(O) + Ell = a+2(0) - a_2(z)e-jk 2 L E20

(5.113)

T at z = I

S+3(k ) + a.3() = a+2(t) + a_2(,)
or: +3(.) + 3  a+(O~ejk2"L

or: a +P) + a42(O)e + E22 + a 2(,) (5.114)

V at z= :

A = a+2(O)e 2 + E22 - a_2() (5.115)

Equations (5.112), (5.113), (5.114), and (5.115) are a set of

4 equations in the remaining 4 unknowns: a 1(0), a+2(0), a_2(L),

and a+3(£) W We need find only a. (0) and a+3(t) to write down

56
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the far field behavior. Solution yields:

aI(0) D (1 - A23 )(1 + A2+ 1 + 23 (1 - 1

j Jk2t 1 33 516
- 2(1 +A23 )e E20 - 2(1- A23)E22 - 4A2 E (5.116)

a+3(t) = E. [4i 2 1 E1 + 2(1-A 21 )E2 0 + 2(1+A 2 1) e 2 22
+3 eD 21 1 21E2

+ ((1-A 21)(1+ 23 )e'k2 - (1+A 21)(1- 23 )e 2 )E3]

(5.117)

where

D = 0-21)(1-A23)e t - 0+,21)(+A23)e t (5.118)

Letting z approach - in Eq. (5.101) and letting z approach

4- In Eq. (5.105) results in the far field modes:

jk I C1110 11  jkIz jkaI z
a =1(Z) 1 e + a1(Me (5.119)

iJk3c113%030 e-Jk3(z-t&)
a+3(z) = e

(jk3 - .3)

+ a+3(.)e i3( (5.120)

If we now substitute (5.116) and (5.117) in these equations, making
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use of (5.103) and (5.99), we obtain:

- (2+A 2 3 )(Jkl+A 2 1t1 ) ek 2 j

jkk
(1, 23/J A2 e, l

+ ( 23)e
jk2 E20 + (1 -A23)E22 + 2A23E3 eA

a+3(z) = 2(jk3 3) (1 A2 )(Jk 3 -A23 3)e 2 - 0+A 5.121)

x (jk3 + A23T3)e jk 2 j

+ (1- 2 1 )E2 0
+ (1+& 2 1 )e 2 E22 + 2A21E1  e3

(5.122)

These expressions are our final equations for the far-field acoustic

modes in regions I and 3. Since a+l(z) = 0 in the far field of region 1,

and a 3(z = 0 in the far field of region 3, these expressions give the

far-field stress and particle velocity, and acoustic power:

a (z)
(far-field stress) T1 (Z) = (5.123)

2

(far-field particle velocity) u1z - aZ (5.124)
2Z01
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I a.1(z)a* (z)
(far-field acoustic intensity) I (Z) = - - (5.125)

8 Z

(far-field stress) T3 (z) 3  (5.126)
2

(far-field particle velocity) u3 (z) 2 a+3( (5.127)
2Z0

(far-field acoustic intensity) 13(z) = -+3()3() (5.128)
8 Z03

We now consider the examples listed in Table 5.3. A Fortran

program to calculate far-field acoustic intensities 11 and 13

from Eqs. (5.125) and (5.128), using Eqs. (5.121) and (5.122) was

implemented. This program's listing is included as Appendix D.

First we consider the effects of the third medium, which is the

new element. The effects of adding the third medium on both 11 and

13 can be profound. If medium 3 is an efficient thermal-acoustic

generator, such as acetone, large signal enhancements are possible,

for very thin films, as von Gutfeld and Budd have observed. Also,

the 2-3 boundary means we can get both a reflected wave in medium 2,

and thickness resonance effects.

In Fig. 12 and FiV. 13 we see intensity I and 13 in

the far field of medium 3 for pyrex as medium 1, aluminum as medium 2,

and 4 different third media: acetone, water, methanol, and aluminum.

Aluminum as the third medium reduces the 3-layer problem to the 2-layer

case already studied and is included for comparison.
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TABLE 5.3. Photoacoustic Generation in 3-region Systems

Discussed in Section 5.7

Graphs Figure Points Illustrated

Pyrex/Al/Acetone 5-12 Effect on I1 and 13 of changing
Pyrex/Al/Al medium 3 for different layer
Pyrex/Al/Methanol thickness.

Pyrex/Al/Water

Pyrex/Mo/Acetone 5-14 Effect on 13 of changing

Sapphire/Mo/Acetone medium 1 for different layer

thickness.

Pyrex/Al/Water 5-15 Effect on 13 of changing
Pyrex/Au/Water medium 2 for different layer

Pyrex/Si/Water thickness.

Pyrex/Mo/Water

Pyrex/Mo/Water 5-16 Effect on 13 of changing

modulation frequency for

different layer thickness.

Sapphire/Carbon/Acetone 5-17 Effect on 1 and 13 of changing
Sapphire/Carbon/Water 5-18 layer thickness. A/4 thickness

resonance.

Sapphire/Al/Water 5-19 Contrast in a photoacoustic

Sapphire/Si/Water image.
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PYREX/Al WITH VARIOUS MEDIA 3
13 100 MHz

-ci To--I- -.---E--
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NORMALIZED LAYER THlICKNESS A2 L

FIGURE 13
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For the caseof aluminumat an optical wavelength o.g51 , optical

absorption constant is a = 1.12 x 108 m 1 . For 100 MHz modulation,

thermal attenuation constant a IT//2I = 1.61 x 106 m 1 . The

two graphs are plotted as a function of normalized layer thick-

ness a2L . The effects of finite (rather than infinite) are seen

only at the extreme left, where aL a 1 or less, and thus a2L << 1

In this region all the curves approach zero as a21 L 0 , since not

all the light is beinq absorbed.

For the case of 13 in the region from roughly a2L = 0.03 to

a2L = 0.3 (200Ato 2000A thickness) in Fig. 13 both methanol and

acetone give a large signal enhancement over the 2-region case where

the Al extends to +- . The intrinsic conversion factors n from

Table 5.2 are in the ratio

Acetone:Methanol:Al:Water:: 185:81:2:1

The intensities 13 in Fig. 13. are in the same order for thin Al films.

Physically, since a2L << 1 , most of the heat generated at the pyrex/

aluminum interface reaches the aluminum/medium 3 interface, where the

transmitted heat wave in the third medium generates acoustics in

medium 3 by the expansion of medium 3. When medium 3 has a large

intrinsic conversion factor rl , large signal enhancement is possible.

For thicker layers we have a diminishing amplitude thermal wave

reaching medium 3, and the acoustic wave intensity decreases as the

square of the thermal wave amplitude, For a2L > 2 in the present

case, essentially all the sound reaching the far field of region 3 is

created in region 2 (Al) and transmitted across the boundary from 2 to 3.
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When medium 3 is one of the liquids the impedance mismatch at this bound-

ary with Al is large. For example, t 23  Zo2/Z03  18.7 for medium 2 =

Al, medium 3 = acetone.

For this reason, the signals 13 in the liquids are considerably

smaller for thermally thick films than for the matched case when

medium 3 is Al. We note that if one were to insert a fourth medium

with z = -2- of X/4 thickness between medium 2 and 3, the

signals in the liquids would rise to the same value as the 2-medium

pyrex/Al case, as shown in Fig. 12.

Resonance behavior is not much in evidence for the 13 graphs

only because medium 1, in this case pyrex, is a rather good acoustic

match to Aluminum (Z02/Z01  A21 = 1.33) and thus the power reflection

coefficient of a wave traveling toward medium 1 in medium 2 is only

0.061. We will see examples later where 13 exhibits strong resonance

effects with substantial mismatch in impedance between media 1 and 2.

Looking at the far-field acoustic intensity 1 in pyrex for the

same four combinations, Fig. 12, we find that in every case the

addition of a third medium decreases the signal for the range of

thickness shown. The sharp increase in II as aL .0 for the

methanol and acetone graphs is to be understood as sound produced in

region 3. The liquids with high conversion factors n receive a heat

wave produced in medium 2 (Al) near the 1- 2 boundary which has not

been completely damped by the time it reaches the 2 -3 boundary, for

a2L < 2 . Sound produced in medium 3 propagates in the negative z

direction as well as the positive z direction. A percentage (19% in

the case of medium 2 = aluminum, medium 3 = acetone) of the negative-

traveling sound power in medium 3 crosses the 2- 3 boundary into
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medium 2, where, because of the good impedance match between

medium I (pyrex) and medium 2 (aluminum), there is negligible reflec-

tion at the 1-2 boundary, and the sound travels to the far field of

medium 1. This accounts for the sharp rise in 1 for a very thin

region 2.

The 1, graphs in Fig. 12 show a drop of almost 20 dB from the

2-medium case of pyrex/Al for thermally thick (but still acoustically

thin) layers near aL - 1.5 . To explain this, we should note that

in no case is much sound produced in pyrex itself. From Table 5.2,

112/ I = 4800 for 1 = pyrex, 2 = aluminum. The substantial 11 signal

In the 2-layer pyrex/Al case is sound generated by thermal expansion

of Al which crosses the 1- 2 boundary. When we have a third low-

impedance medium terminating region 2 for L << X , the wave traveling

toward +z in medium 2 is reflected at nearly full amplitude but at

opposite phase. This wave interferes with the wave traveling towards

-Z originally, resulting in drastically reduced I I. As the layer

becomes thicker, 11 increases as the two waves get back in phase

with each other, which happens at the X/4 thickness, a2L ! 25 for

100 MHz, not shown in Fig. 12. This would be a 16 Vt thick Al region.

To see the effect of the first medium on the sound transmitted

to the far field of medium 3, we compare the cases Sapphire/Mo/Acetone

with Pyrex/Mo/Acetone in Fig. 14. The 13 for Sapphire is lower

for thin film thickness because Sapphire is a better heat conductor

than pyrex (K sapphire/Kpyrex  26) and thus less heat will reach

acetone, whose very efficient expansion is responsible for the far-

field sound in the case of a thin Mo film. In the thick-film case, the
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sound reaching the far field of medium 3 is actually produced in media 1

and 2. Sapphire has a much higher intrinsic conversion factor n in

Table 5.2: insapphire/npyrex = 710 . It is therefore more efficient as

a photoacoustic generator than pyrex, and is in fact more efficient than

molybdenum. It is also a more efficient constraint on molybdenum

(Zo sapphire 3.4 zo,pyrex) Both these effects lead to higher far-

field acoustic power in acetone in the thick film case.

We next consider the effects of a change in the second medium when

the first and third media are kept fixed. In -Fig. 15. we have again

plotted Eqs. (5.128), using Eq. (5.122) for four different second media:

gold, molybdenum, aluminum, and silicon. Medium I is pyrex in all cases

and medium 3 is water. There are several factors to consider to account

for the differences we observe.

Firstly, the silicon curve has a more gradual rise at small film

thickness. This is because the optical absorbtion constant a for

6 -1
silicon (3.29x 10 m , optical X = 8000 A) is a factor of at least 13

smaller than the a values for the other materials. A thicker Si layer

is required to absorb all the light.

The curves for Al and Si in Fig. 15 are flat as a function of

layer thickness, whereas the Mo and Au graphs are decreasing functions.

The difference is the acoustic impedance match with medium 1, pyrex.

Aluminum (A21 = Zo2/Z01 = 1.33) and Si (A2 1 = 1.52) are fairly well

matched to pyrex. For a wave in medium 2 striking the 1- 2 boundary,

the power reflection coefficients are 0.02 and 0.04, respectively, versus

0.47 and 0.42 for Mo and Au. This means that acoustic thickness reso-

nance effects will not be much in evidence in the far-field in medium 3,
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there being only the portion of the positive traveling wave in medium 2

that is transmitted across the 2- 3 boundary to consider. Gold and Mo,

being poor acoustic matches to pyrex, exhibit thickness resonance effects

due to multiple reflections within the layer. Both exhibit a half-wave

resonance maximum (at thickness 34Vi for Mo, 16) for Au) and a quarter-

wave minimum. In the thin layer region shown, the Mo and Au curves are

decreasing towards their quarter-wave minimum off the right side of

the graph. The details of the Mo layer thickness resonance will be

considered shortly. We emphasize that because of the large acoustic

Impedance mismatch between all four solids and water, the sound

intensity in water is very low compared to the sound intensity we

would have if medium 2 had extended to

In Fig. 16 we have plotted intensity in the far field in water

for the combination pyrex/molybdenum/water, also studied by von Gutfeld

and Budd. We see here the effect of changing modulation frequency of

the incoming light. In the region at the extreme left, for film thick-

ness approaching zero, the far-field acoustic intensity goes to zero

because the film thickness is less than the optical penetration depth

and the light is not all absorbed. For optical X = 1.0 p , in

molybdenum 1/c = 224 , in accord with the turning point at the

extreme left of each graph in Fig. 16.

In the region of film thickness from roughtly 0.04 p to 1p, the

far-field intensity 13 in water decreases with increasing film thick-

ness at each frequency. This is because the thermal wave in the molyb-

denum film is attenuated with attenuation constant

2 - IT21/.
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Thus a rw means a smaller amplitude thermal wave reaches the water.

Water has approximately the same intrinsic conversion factor n as

molybdenum, as we see in Table 5.2. Water is a better thermal match

to molybdenum (Z to/Z = 9.6) than an acoustic match (Zo /
Mo 120 omo

ZOH20 = 45) . Thus sound in the far field of water is most effi-

ciently generated by the thermal wave heating the water directly,

since sound generated inside the Mo film doesn't get out efficiently.

This analysis breaks down in the right hand region of the 1 GHz

graph in Fig. 16. At film thickness 3.4 v the 1 GHz graph reaches

a peak about 3 dB below the very thin film peak at about 0.04 p thick-

ness. At 3.4 p thickness the film acts as a half-wave acoustic

resonator, since the acoustic wavelength in Mo at I GHz is 6.8 p.

Due to the large reflection coefficients at each boundary, acoustic

waves in the Mo film are reflected many times back and forth within

the layer, some energy being transmitted into water on each pass.

The transmitted waves in water are all in phase when L = X/2 , and

hence we get maximum intensity with this condition, as Fig. 16 shows.

The A/2 thickness resonance condition is appropriate when both bound-

aries are low impedance boundaries as in this case.

Cases exhibiting a quarter-wave resonance thickness for the cen-

tral layer are sapphire/carbon/acetone and sapphire/carbon/water, for

which 13 and 1I are graphed as a function of film thickness in

Figs. 17 and 18. The carbon data are an average of thin-film

carbon specimens. The thermal diffusion :onstant a for carbon at

I GHz is such that aL = 7.5 corresponds to film thickness L = 1.Op.

The sound wavelength in carbon at I GHz is 4p , giving us the quarter-

wave resonator we see.
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SAPPHIRE /CARBON //ACETONE, WATER I, I 6Hz

I0E-16 r______.---- RE- -CLE_0N /ACETON
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We expect quarter-wave resonance in this case because carbon

z 8x106 ) is intermediate in acoustic impedance between sapphire
6=

(zo  44x 10) and water (z. = 1.5x6) . In general, L - 4,,/4

where 4 is an odd integer, satisfies this resonance condition. In

fact, carbon is very close to the geometric mean (z = 8.2 x 10 6) between

the impedances of sapphire and water and thus acts as an ideal quarter-

wave transformer between sapphire. Thus the acoustic mode traveling to

the right in sapphire (medium 1) in Fig. 8 is not reflected at the

sapphire/Mo boundary. Similarly the acoustic mode traveling toward

medium 2 in medium 3 is not reflected. In this matching-layer-resonator

case we expect 11 and 13 to be equal. We see from Figs. 17 and

18 that 11 and 12 are very nearly equal for L = X/4 n57.5/a2

for Sapphire/Carbon/Water. This is somewhat less true for Sapphire/

Carbon/Acetone, where the ideal matching layer would have zo = 6.4x 106

mks rayl, 20% less than the carbon value.

The resonance behavior of photoacoustic generation in layers is

important in that layer thickness is then an important source of con-

trast in photoacoustic images. One can imaging extracting layer thick-

ness information from photoacoustic images if one can tune modulation

frequency over a substantial range.

Finally, to illustrate the application of these results to a real

photoacoustic image, we have plotted the response 13 in water for the

cases Sapphire/Aluminum/Water and Sapphire/Silicon/Water in Fig. 19.

In Figs. 5 and 6 we saw areas of this nature and noted the silicon on

sapphire areas gave much weaker response than the aluminum on sapphire

areas. The aluminum areas are 1.0 V thick while the polycrystalline

silicon regions are 0.5 V thick. Figure 19 predicts a difference in

response in the far field of - 11 dB, consistent with what we saw in

Figs. 5 and 6. 72
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VI. OTHER EVENTS

As mentioned earlier we have had visits from Dr. Milton Ritchie and

Dr. Jim Knight from the Hughes Santa Barbara Research Center. They are

asking us to study the adhesion of lead sulphide films in the infrared

detectors - a device that is being built under contract with the Air Force

(Space Division).

Dr. J. Reffner of American Cyanamide Company has supplied us with a

number of samples of polymers for study with acoustic microscopy.

A group from Xerox Research Laboratory in Toronto has visited us and

they left with a strong interest in our work.

Jack Baring of Honeywell has supplied us with samples of magnetic

recording heads that are defective in the sense that they generate exces-

sive second harmonic.

List of Publications

"Scanned Acoustic Microscopy," E. A. Ash, ed., Chapter II, Academic Press,

1980.

"Film Adhesion Studies with the Acoustic Microscope," by R. C. Bray,

C. F. Quate, J. Calhoun, and R. Koch; published in Thin Solid Films,

74, 295-302 (1980).

Seminars

"Microwaves and Acoustic Imaging," Physics Department Colloquim, Princeton

University, Princeton, PA

"Acoustic Imaging," Electrical Engineering Department, Stanford University.
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Some of our Visitors

T. Destephano and V. Jipson of IBM at Yorktown Heights, New York

Dr. Aktyama of Hitachi in Japan

Dr. J. Zelich of Hughes Aircraft Company.

Dr. P. Liao of Bell Labs

Dr. H. Fritsche of Leitz in West Germany

Dr. K. Wishnuff of National Semiconductor

Dr. D. Jonney of Los Alamos, New Mexico

Dr. J. McGroddy of IBM at Yorktown Heights, New York

Dr. C. Tracy of GM Research Labs.

Dr. F. Jamerson of GM Research Labs.

Dr. K. McKay of Avantek.
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0.2
0.3 APPENDIX a
0.4
0.5 PROGRAM TO CALCULATE THE REFLECTANCE FUNCTION
0.6 OF 9 LAYFFS CN A SUESTRATI AS A FUNCTION Of
0.7 SINE OF ANGIE CT INCIDENCE.
0.8
0.,
1. //BEFLEC JOB 1117117.191'.'3 BRATICLISS-1
2. /*3OBPARM DESITLF
3. // EXEC WATF1V
*1. //GO.SYSIN DD
S. SWAThT
6. C
7. C THIS PROGSA. CAICULATES TEE DEFLICTANCE FUNCTION (MAGNITUDE
S. C AND PHASE) FOB A ELAthE ACOUSTIC WiVE INCIDENT ON A MlULTI-
9. C LATER TARGET, AS A FUSTION CF AIGIE CF INCIDENCE. IT ALSO CALCULATES.
10. C TRAmSsISSICN FFCfl THE LIQCJ]C TEROUCE MAhY LAYERS INTO A SOLID
11. C THE MATHEMATICS FCILCWS RA IEMCbS@ THESIS, -ACOUSTIC MICROSCOPY
12. C BY MECHANICAL SCANNIN~G-, STANECOD UNIVERSITY, 1975, BUT DIFFERS
13. C IN THAT THE INCIDENT WAVE IZ IN THE LIQUID. ISOTROPIC SOLIDS
1*1. C ARE ASSUMED.
15. C
16. CONBRON/CCAIC/IIPHA(8),!ETA(e),P18),Ep(8),C(8),QP(8).
17. ICII(8),Cl2(e),CQ*J(8).K(8),KAPPA(8),SIG!ANP2
Is. RZAL*8 THICK(9),IiRO0(9),Cl,C2C44,IGMAK,NAPPA,
19. 2HAGAOP(6,2),4ACECP(IJ6,2),NAGAJ!*6.2) ,TIIETASIGSQTH.p,,12,13,
20. 3X*I.I5,X6,dH1AC1(46,2),PPEIEGF(U6,2),PiIh3(46,2)COSTU.

22. 5RLM (100) JZIP (1CO)
23. COIPLEX'Th Z(3,3),V(3).(33)DFTDETI,DEZ.DET3,AOP,BOP,3,DCIPLZ
241. 1,ANP1,BNPI,AOFEi,JAY,PSiCD(4,4) .AIPHA,EETA

26. PI2-3.14152E535e79
27. JAY=(0.OVC.1.0EO)
28. c
29. $SPACE 3
30. READ,!
31. UNN*
32. OP2=N*2
33. NRl=N-1
341. Do 701 Iml,l
35. cl I(r) -1. 0

37. 701 RHO (1) =1. 0
38. DO 100 I=1,NP2
39. 100 READ,CI1(IJ,C44I(J),RHO(I),IT3ICKII)
*10. DO 110 I= .1P2
411. C 12 (1)rC 11) -2. C4 4 (1)
462. 110 K (1)=DSC Fl (RHC(1)/C I1 (1))
413. DO 115 Iz;,NP2'
414. 115 K APPA (1) -rSQBI (HO (1/C446( 1))
*15. WRITE (6.50)
416. s0 rORMAT(1.1 12X,ISOtID C',51.'SCLID 1',51,fSotlD 20,,SCLIC 30,

486. WRITE (6,51) qCll(I) .1=1,6),gC12 (I) ,1 1.6),*(C*1L(l)I) t.6).
*19. 1 (R Ho (I) , I= 1,E) , (7iicN (I) *. v1 .6)
50. 51 POFMAT(//,5X,*Clim *.6E12.3/5Z,'Cl2. 4,6E12.3//
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S2. C
53. $EJECT
sq. SSPACt 3
55. C CALCULATE A PF0CVCT CF LIMh 79ANSFEB HATSICS,
56. C IN PROD. IN UFAT IGLLCWS, SIGMA IS ZANCENTIAL COMP 0? INCIDENT
57. C SLOWINESS: ALPHA Is PERPENDICULAS CCPPCNENT CF TRANSMITTED
S8. C LONGITUDINAt StCWNISS, AND EfTA IS PERPENDICULAR COMPONENT
59. C C? TRANSMITTEL SbIAR SLCWNESS; E,PP,Q,QP A81 LATER THICKNESS
60. C IN RADIANS 01 ANGIE - SIN ASC CCS.
61. C
62.* Do 999 RUN 1,100
63. THETA =ER1~(.D1*LA(N-)

64. srGmAN(1l)*DSIN(THETA)
65. SZGSQ=SIGPA'*4
66. DO 120 I=1,NP2
67. 120 ALPHA(I) =CDSQE ( ((I)**2-SIGSC)*(1.ODO,0.ODO))
68. DO 125 1=;,NP2
69. 125 BETA(1)=CZSQR2I(KAPPA(I)**2-SIGSQ)*(.00,..ODO))
10. Do 150 I=2,NPI
71. TH=2. *PI/f( (I) 0THICK (1)
72. P () CDCOS (AlHA (1) *TH)
73. PP (I) =CCCS (E IA (1) *TH3

75. 1S0 QP (1) =CDSIS (511A (1) *TH)
76. CALL CALCCF(2,MAT1)
77. Do 151 I=1,Nm1
78. CALL CALCCF(I*2,liAT2)
79. CALL MAT?.U MT2,2T1, PROD)
80. Do 152 I1=1,4
81. DO 152 JK=1,t&
82. 152 llATltIl,3?c)=PCDCII,JK)
63. 151 CON~TINUE
84. DO 195 1=1,2
85. DO 195 J=3,Ii
86. pBoD(I,j) = PBCD(I,J)*Jh!
87. 195 CONTINUE
B8. D0 196 1=3,4
89. DO 196 3=1,2
90. PROD(I,J) a ICD(I,J)*JAr
91. 196 CONTINUE
92. C.-
93. SEECT
94. MSACE 3
95. CALL SIMEC(PRCDAlPI,BNEI.ACPV)
96. XXB=ANP1
97. XXI=ANP1*(-JAY)

* 98. TLII(NNN) =CEAES EANP1)
99. TLP(NNN)=rA7AN2(lXI,IXR)
100. C
101. ZXR=BNPI
102. xxI=l3NP1'(-JA7)
103. TSM(NNN)=CEAES(ENPl)
104. I7(TSM(NNN) .11. .1E-6) GO 20 331
105. TSP (XNN) =CATAX2(XllIIx)
10. C
107. 331 XXR=AOPR
108. XII=ADPR* (-JAY)
109. RLh(NNN):CrABS(hOPRI f
110. ILP(NNN)&EATAtN2(%II,xxH)
Ill. 999 CONIINUZ
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112. c
113. UIzTE (6. 950)
114. 950 FORMAT(l1 TRASSMITTED ICNGXTUDINAL AMPLITUDE AND P80361/)
115. DO 951 1=1.100
116. WR!TE(6,9!2) ILM(T), TIM()
117. 952 FODNAT(I '.31,112.5,3X,E12.5)
lie. 951 CONTINUE
119. C
120. VRITE (6,953)
121. 953 FORNAT('1 TRANSMITTED SHEAR AAILITUD! AND PHASI/)
122. DO 955 1=1,100

124. 954 FORtIAT(l 9,3I,112.5,31,E12.5)
125. 955 CONTINUE
126. C
127. gRrIE(6,S56)
128. 956 ?0NtMAT('1 REFLECTED LONGITUDINAL ANPLI'IUDE AND PHASZO/)
129. -DO 958 r=yoo0
130. VRITE(6,9!7) RIMl(I), RLF(I) - . . . . y
131. 957 FORMIAT(# ',31,112.5,3X.E12.5)
132. 958 CONTINUE
133. C .-

134. STOP
135. END
136. C .-

137. SEJECT
138. C
139. C SIMEQ SETS 1CP A SYSTEM O7 41 ECUATIQIS 11 4 OflICUIIS
140. C AID USES CFAMEBOS BUIE TO SOLVE FOB 3 OF IBIB: REFLECTED
1111. C AMIPLITUDE, TRANSM17TED IONGI'[UDINJI AMPLITUrE, AID
142. C TRANSMI'[TEr SEEAR AMPIITUDf. PHASE IS PRESENT IN THE
143. C COMIPLEX AIPIIIUDES. IRHE FOURTH DNI'NCWN, THE I COMENT
144. C OF PARTICLE VELOCITY IN THE SOLID JUST PAST THE LIQUID/
1M. C SOLID INTERFACE, IS XCT OF INTEREST!.
186. C

*147. SUBROUTINE SfEE(r.ATR,A&EBFPAOP)
148. COMON/CCAIC/IPiA(8),EIIA(8),P(8),PP(8),Q(8),QPCS),

150. COMPLEX*16 FAIT(U,LJ),!ATF4,4).CCNST(4),TENP(4),
151. IDETII, DET 12, CE113,DET14,Ak4P,BNP,AOPALPHA.BETA,
152. 2PPPQCF,f
153. REAL*8 Cll,C12.C44j8.Z.EA~.rIGMh.DSIf
158. C
155. DSIB = 2. *C44 (NP2) *SIGMA
156. MATT(1.1) =SICMA/K(NP2)
157. HATT(2.1) -(Cll(KP2)*KfNP2) 2.OC118(NP2J*
158. 1 SIGMA$SIGI A/(Nf2))
159. BATT(l.2) =- EETA(NP2)/KAFFA(NP2)
160. HATI(2,2) D 51M*MATT(1,2)
16l. INATT(.3.1) a At FHA (M4') /H (NP2)
162. IfATT (3, 2) SIcGA/KAPFA(NP2)
163. KATT(4,1) = - ESI1.*ALPHAINP2)/FINf2)
1641. HATT(4,2) - -C44(NP2)*(SIGflh*SIGNIA-EETA(NP2)*BETA(NP2)1/
165. IKAPPA(NP2)

* 166. HATT(1.) - -FATR (1.1)
167. HATT(2,3) - -11 T F(2, 1)
168. HAT7(3.3) a- tATS (3 o1)
169. HAT? (8,3) - -FAT R (, 1) . .

170. C
171. C Z IS THE IMIEAICE Of TN! LIQUIC;
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172. C 7 is TANGENT oF INCIDENCE ANGLE.
173. C
Illa. E -c11(1)qK(1)
175. F *ALPHA 11)/F (1)
176, MATT(1.4) -MArR(1,2J*E # * R13*
177. HATI(2..) a BAIR(2.2)0E # PATB(2,3)s?
178. MAT! (3.4) x AIR (3,2) *E + BATD (3,3)'?
179. fiATT(4,4) - PIATR(R,2)*E # KAID(4,3)*e?
180. C
181. C THE MATRIX CE CCIFFICI!14!S Of THlE SIT Of 4
182. C EQUATIONS lIN IFE 4J UNYINCVNS AW~E, EVE, LOP IS
M8. C NIOW READY. NIX! PUT TEEl COWETANIS IN THIS2
184S. C EQUATIONS 1N '-YECICR CCNSI(I).
185. C
186. COVST(l) =-PAIR (1,2) *EMR'P(1,31 *P
187. CORST(2) =-FATR(2,2)*lEt1ATF(2,3)*F
lee. CONST(3) = -I8D2R(3,2) *I.#AIB(3,3) *F
189. CONST(I) =-rIR(4,2)*EIZIAI5(4,3)*1
190. C.
191. C NOW USE CRAMER'S RULE TO SOLVE.
192. C
193. CALL CDE!'4(RA2I,DtTI1)
194. DO 731 1 = 1,4d
195. TERP(I) = BATIII,l)
196. KATT(I.1) =CCNSI(I)
197. 731 CONTINUE
198. CALL CDET'I(BAII,VET12j'
199. ARP =DE112,'DE711
200. DO 732 1 =1,4
201. RATT(I,1) 7EP~P(r)
202. TEiP(I) = MAT1I,2)
203. ISATT(I,2) = CC);ST(I)
204. 732 CONTINUE
205. CALL CDET4(KhAl,DET13)
206. BN? - DET13fEITI1
207. DO 733 1 = 1,4.
2Q8. lIATT(I,2) = TEP.P(I)
209. TEMIP(I) x ATI(I.4)
210. MATT(I,41 - CCEST(Il
2M1 733 CONTINUE
212. CALL CDET4(NP.TI,EET14)
213. AD? = DETIII/DE711
214. RETURN
215. ENDO
216. C
217. C

* 218. $EJECT
219. C CALCOF CALCUIAIIS THE TBANSFEB EATRIX OF THE 118 LITER
220. C AND PUTS THlE RESULT 1I A. SEE LINCYS1 EC. 5.10
221. C
222. SUBROUTINE CAICOF (IDA)
223. COlON/CCAIC/IPHA(8),EETA(E),PI8),Pp(O).Q(8).Qp(8),

225. RZAL*8 Cil ,Cl2,C44,SIG A,IF,?EAFCA,CE,CC,SIGSQ,I(AeKSQ,
226. lKhP,KASC,rElCcKSQCXFSQ
227. COMPLEX'1E~ ALEi,IJT,E.C.Cr.ACA).AEpH,ALPHSCBET.
228. IBElSQ, PA,FUr.ACA,ICPA. DhISC,CSCASQ
229. CA-Cu (I)
230. CB-C12 (3)
231. CC*C4I (I)
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232. SIC OS!IChA$* 2
233. ALPNmALP0A (1)
2341. LLPHSQzALEIb**2
235. BEIMB3IA (1)
236. BZTSQ=BlT$*2
237. KAKx(1)
238. KSQ=KA**2
239. KAPzKAPFA (1
2410. KAPSQO1(APO*2
2411. DIFC=C&-Ca
2412. DIFTSQ=SIGSC-EETSC
2413. P&=P (I)
2414. PPA=PP (I)
2415. QA=Q(1)
2416. QPA=QP (I)
2417. CKSQ=C&*IcSQ
2418. CKAPSQ~CC*KAPSV
2419. CSCASQ=CB*S1G!C4CA*ALPHSC
250. A(1,l)=(ElF1c'sIGSQ*pA*CSCASQ*PFA)/CKSQ
251. A (1,2) =S1GZMA/CIYSV (FPA-EA)
252. A (1,3) -SlG? A*VIPFSQ/ (AIPH *CASC) *CA-2. *ET*SIHA/XkASQ*QPA
253. A (1,4)-SICSC/(ALPII*CKAPSQ)*VA-EEI/CKAPSQ*QPA
2541. A(2,1)=CSChSO*rljfCOSIA/CKSV*(PPA-PA)
255. A(2.2)=(C!CASC*PA4DlFFC*SIGSQ*EEA)/CXSC
256. A (2,3) =CSCASC.EIIffSQ/ (AIPH*KAPSC) .QA-2srIFFC*SIGSQ*BET/KAkPSC*QPI
257. A (2,4) =CSCASQ*SGC-A/ (LF*CKAPSC) *Q C IP~C'SIGiA*BET/CKAEFS(. 4CPA
258. 1(3,1) =DIEFC*ALPI1*S1G?!AcCSC*Ch-CSCASC*SXGfA/(BET*CKSQ).QPA
259r. A (3,2) 2-AIPH/CKSV,*VA-SIGSQ/ (eET*CKSQ) *QPA
260. A(3,3)=(-DIFFSC*FA2.*SIGS*PPA)/KAPSQ

262.A 1(1, 1) =-2. *CCSL1P1C*ALP*SJGS/CKSQ'ACCCSCASQDIFSQ/(EE2*CrSQ)
263. 1*QPA
2641. A(41,2) 22.*CC*AIPtI*SIGNIAC1SC*ChCCC1FPSQ*SIG8A/(EET*CKSQ)*CPA
265. A(i,3)=2.CC*2PFSO*S6?,,A/XAPSQ*(PA-PPA)
266. k(4,44)2(2.*SIGSQ*PA-DXIkS*EPhI.KAPSQ
267. RETURN
268. 'END
269. C
270. SEJZCT
271-. C HATIIOL SULTXELESEATRICES A ASED 8, PUTTING 213
272. C RESULT IN C.
273. c
2741. SUBROUJTINE MATEUL (A.D.CJ
275. COIIPLZX'1E C(l,4),A(I5,4),BI41,4)
276. DO 100 1=3,14

* 277. Do 100 0=1,2
278. A (1,J) -A (2,3)
279. 100 8 (1 J) - (1 J)
20 DO 15 1-1,4
281. DO 150 3=1,4
282. .C(I,3)v (0.0.0.0)
283. DO 150 Ic=1,4

285. Do 200 1*3.4
286. DO 200 32=1,2

287. A (I#Jl -A (1,J)
280. 11.)-I,J)
289. 200 C (I J) uC (I *a)
290. RETURN
2910 END
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I.*

292. C CALDET CALCULAI7S TNT DETE19INANt 03 A 313 lATRIt D,
293. C PUTTING THE 61SULl IN DET.
25*. C
295. SUBPOUTINE CAzrET (DDIT)
296. COMPLEI*16 D(3,3),DET
297. DET=D (1, 1) e*) (2,2) *D (3,3)#D (1,2) *Df 2,3) *V 3, 1) #0(2, 1)* D(3,2) *Dj 1, 3)

298. 1-D(3, 1) *D (2,2) OD (1,3)-c(2, 1)* V (1,2)*D (3,3)-D (3,2) SO (2,3) *D (1,1)
299. RETGRN
300. END
301. c. ... . .

302. $SPACZ 3
303. C
304. C CDET4 CALCULATES A 4X4 D!T1BIZNANI 91 EXPANSION BT
305. C MINORS ON THE FIRST CCLUMN.
306. C
307. SUBROUTINE CDE741D4,DEI)
308. COFLEX*1E V£U,1), DI, D3(3,3), T O,
309. C
310. DO 831 1=1,3
311. DO 831 J=1,3
312. D3 (I,J)= 4 (I# 1,3 1)
313. 831 CONTINUE .
314. CALL CALlIT(r3,TD!T)
315. DET=TDET*D(1(,11)

.316. DO 832 J=1,3 .

317. D3 (1,3)=C' (1,J#1)
318. 832 CONTINUE
319. CALL CALDIT(t3,TrtT)
320. DET = DEZ - TrET*D'(2,I)
321. DO 833 J=1,3
322. D3(2,3) = D1(2,3+1)
323. 833 CONTINUE
324. CALL CALDET (D3,TDET).
325. DET = DET f TEET*04(3) ..... ..
326. DO 834 0=1,3
327. D3(3,3) = *1(3,J*1)
328. 834 CONTINUE . .. ...

329. CALL CALCIT(13,TCITI
330. DZT = DEI - TrET*D AQ,1)
331. RETURN . ""

* 332. C ".
333. C GLASS DATA:
334. C 0.5760CD12 0.20200112 0.21600D1 0.25D0
335. C PYREX DATA (AVZE) :

* 336. C 7.30E11 2.50E11 .232al .131
337. C nEAV! PYREx ETA
338. C 7.3011 2.501l .28031 .131
339. C BEATY SILICATE FLINT GLASS rATA (AULD):
340. C 6.13E11 2.10111 .387921 .131
341. C T-40 GLASS CATA (AULD):
342. C 6.30t1i 2.26111 .33931 .131
313. C LIGHT BORAIE CRCVN GLASS DATA (AULD):
34*1. C 5.82EI1 1.81111 .224311 .131
345. C VATER DATA:
346. C 2.25110 O.OOEO0 1.00200 1.00300

347. C ALUNINUM CATA:
348. C 1.11D12 2.5011 .269521 .251O
349. C SAPPHIRE(ASSUMI£ ISOTROPIC) CATA:
350. C 4.94112 1.4512 3.98300 1.00100
351. C CHROBIUn DATA:
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3S2. 3o507 12 1.01112 ".2000 .33-1
353. C POLY S DATA:
35M. C 1.66D12 .80D12 .23311
3SS. C CUARTZ DATA:
3S6. C .87D1 7.58D12 .26501 - 004200
356.1 C POS1ED SILICA MAt:
356.2 C 7.85D11 3.12D11 .22001
3S6.3 C COPPER DATA1:
356.4 C 16.9011 "7o54011 089DI

356.5 C COPPER/9.98 Al~t At
356.6 C 16.0D11 7.66DIl .758D1

356.7 C ALUMINUM/IC 2 CU ALLOT 122 CATS:
356.8 C 11.7D11 3.OD1I .29501 .35SO
357. C POLYETNYLENE A7A:
358. C 3.O210 .260110 .900O00 1.030
359. C *VACUOM DATA:
360. C 1.012 1.010 1.0-6 .11-3
361. C VITRINITZ SC tit a 83.5 (CALC. EIRKOIIZ) DATA:
362. C. 5.7Z10 1.3E10 1.3 00
363. C VITRIINITE IC CAP - 88.8 ICALC. BIRKON£IZ) DATA:
364. C 7.73110 1.S3E10 1.31CO 1.010
365. C 11111T7 IC DAY = 83.5 (CAhC. B1POI5Z) DATA:
366. C 3.27110 8.1819 1.220 1.010
367. C EX11iTE %C CAP a 88.8 (CAIC. B1FPOVIZ) DAT&:
368. C 8.21 10 2.C5110 1.320 1.010
369. C CARBON V=3 [ATA: (Z*7)
370. C 2.1:11 S.26110 .23321 1.0t0
371. C CARBON Y-4 rATA*: (Z.7)
372. C 2.8111 7.CE1O .17521 1.030
373. C CIRBOR V=5 EaTA: (Z=7)
374. C 3.5E11 8.75[10 .1011 1.0]0
375. C CARBON -6 [ATA: (V=4)
376. C 2.411 6.0110 .15I1 1.030
377. C CARBONv z;=8 ATA: (1*6)
378a C 3.2111 8.010 .2031 1.030
379. C CARBON Z=10 DAi: (Y-6)
380. C 4. 011 1.0111 .25z1 1.030
381. C PLATINUB CITAE
381.1 C 2.27D12 6.60D1 2.1401 .83-1
381.2 C GOLD DATA:
301.3 C 2.07D12 2.85D11 1.93D1 015920
381.6 C TITANIIUM £TA:
381.5 C 1.66D12 4.011 6.50DO .210-1
382. SRD
383. SDkA
384. 2
386. 2.25E10 O. 00100 100100 1.0300
388. 5.82111 1.81111 .22431 .77.O
390. 7.30111 2.5C021 .2321 OE1
392. 7.30111 2.5011 .2321i .191
400. SSTOP
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0.1
0.2
0.3 APPINDI a

0.5 PROGRAM TC CALCUlATE THE 1(Z) RESPONSE Of AV ACOUSTIC
0.6 LENS FOR A SAMPLE WHOSE REFLECTANCE IS GIVEN AS DATA.
0.7
0.8
0.9
1. //VZ JOB *F17SE7,1810,99 BRA!%CIASSwl,REGICNS-12X
2. /0JOBPARI DEST=SILF
3. // EXEC WATFAY
4. //GO.SYSIN DD
S. sUATFIVk
6. C TIS PROGRAE CALCULATES THE 1(2) RESPONSE C? AN ACOUSTIC
7. C LENS TO A TARCLT EHlOSE REFLECTANCE FUNC7ION IS SPECIFIED
9. C AS DATA. THE PUPIL FUNCTION CF THE LENS AND THE BACK
9. C FOCAL PLANE EISTRIEUTION MlUST ALSO PE GIVEN AS DATA.
10. C OTHER INPUTS ARE ACCUSTIC FREQUENCY, LELS RACIUS AND
11. C OPENING ANGLE, Z E!INIMUM AND MAXIM~UMl. kATER IS
12. C ASSUMIED AS CCOFLING MIEDIUMI WITH TE1MEERAIUBE 60C.
13. C THIS PROGRAM NUMFlICALLY EVALUATIES THE 1(Z) INTEGRAL
116. C IN A.ATALAR'S THESIS (STANECRD tJNIVERSIIY,1978) GIVEN
15. C AS EQ. (4I.26). IN ADDITION, THE YAbIAlICb IN PATH
15.1 C LENGTH WITH ANGLE IRC5 LENS 7O FOCUS IS INCORPORATED.
16. C
16.1 REAL*4 ZG(1O1),VZIOG(lO1)
17. DEAL*8 PI,FREV,RIENS,OPANG,2RIN.ZHAI,RLS.RLP,
1e. 1UIX,UIY,U1A.U1F,IA (81) ,PP(81) ,BAP,F,ZINC,1O,
M9 2&REA,RVZA,V2X ,V2Y,VZP,AH4GSX,PY,PX,PY,2,ALPRA,

19.1 3Q1,Q2,RR,B~lARANGl
21. CONPLE'16 JAY,VEFL(100),P(81),EVZ.
22. lXEXP,VZ(101),Ul(201),VZMAI
22.1 C
23. P1=3.1115S27
246. JAY= (0.Oro, 1.O0)
25. C
26. C FREQ IS ASSUMED TC BE IN GHZ: BLENS AND ZOIN AND ZMAZ
27. C IN HICPONS: OPANG IN DEGREES; REFLECTANCE IN EQUAL
28. C INCREM ENTS (.01) Ct SIN(TIIETA) ; Ul (100) IS 01 AT
29. C THE LENS APERTURE RALIUS; F IN 1 DEGREE INCRIE9ENS.
30. RZAD,FREQ
31. READ, RIENS,CT-ANG
32. READ,ZMIN,ZlAX
33. VRITE(6,222) IREQ

34&. 222 rORtrAT(ll EPEQUENCY f, 1O0.16, 0 GRZI)

35. WRITE(6,223) RLENS,OPANG
36. 223 FORMAT (00 LENS RADIUS w %E1O.4*0 MICRONS; OPENING ANGLEI
37. 1, ElO.4, ' DEGSEESI)
38. WRITE(6,226) 2?'IN, ZdAl
39. 2246 FORMAT('O ZMIN * , 12.4&. 0 25AX sp* 312.16@
160. 1V MICRONS')
161. DO 10 1=1,100
162. READ.REM,RIP
463a RX=RLIM*DCCS (RIP* 1. DO)
1616 R~uRLM*DSJN(RIE*l.DO)
11. REFL(l) a..PIX (DX,RY)

165.1 10 CONTINHE
166. VRITE(6,2251 REP! (1), BEPL(1001.
167. 225 rORRAT (#Q gffL(1) - .112.5, 11, Z12.5, REFL(100I
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49. 1 312 5. 1?, 112.5)
So. DO 20 f11,201
51. IIAD,UlA,UIP
52. all a U1ADSIs(UlF1*.DO)
53. 5l a ulArcosIiUlP.1.DO)
54. 91(l) w DCEPLX(UIX*U1T)
55. 20 CONTINUE
56. VRITE(b,2;f) 01(1), 01(201)
.$7. 226 FODRAT(IO 01(1) - l,, 12.5, 11, 112.5, * 01(201) a
58. 1 912.5, IX, E12.5)
S9. READ(5, 16) (PA 11) =.1*, 81)
60. READ(5,16) (PP (Y) x- =I181)
61. 16 rORAT (1f,5 12. 4)
62. DO 21 1=1,81
63. PX=PA (I) *LCOS (PP (1) $1. DO)
64. P =PA (I) * C SXN(FP (1) * 1. DO)
6S. P (1) = DCrPI X (P I , PY)

66. 21 CONTINUE
67. VRITE(6,227) P(1), P(81)
68. 227 FORSAT(O P(1) = ?, 112.5, 1i, 112.S, P(81) , *,
69. 1 E12.5, IX, 812.5)
70. C .
71. C
72. RAP=RLEVS$CSI9(OPANG*PI/180.)
73. Fs1.15*RLES.
74. ZINC= (ZVA X-2111)/100.
75. KO2*PI*FEfl/1.5
76. C
77. C 1.5 MICRONS PER VANCSECOND, THAT IS: SPEED IN WATER
78. C CHANGE SPEED FOR AMCMTER LICUID. IIKEWISE
79. C .0102 NSEC*NSIC/.ICFCM IS AITEUAIZOtN CONSTANT IN RATER
79.1. C AT 60C TEKPERATUBE. CHANGE FOB iCTHffl LIQUZD 02
79.2 C ANOTHtR TEMPERATURE.
80. C
80.1 ALPIIA.0102*FII*EEQ
80.2 C
81. $EJECT
82. C WHAT FOLLOWS IS A rCUBLE LOOP TO CALCULATE V(Z).
83. C THE INNER LOO (MQ 100 1=1,101) CALCULAIES 12(J) FOR
84. C A FIXED VALUE C? 2 WHICH IS INCEZI-ENTID I THE OUTER
85. C LOCP (DO 120 3=1,101).
86. C
87. ZZIN
87.1 VZOAX m (O.DO,O.DO)
88. DO 120 J=1,101
89. IZNIH DFIOAT (3-1) *ZINC

" 90. ZG(J) = SNGL(Z)
91. C

- 92. C ZG(J) IS SIMYNl A TABLE C Z 101 SLOTTING BOUTIES
93. C
94. vz(J) a (O.DO,O.DO)
95. C
96. DO 100 1-1,101
97. a - DrLOAI(1-1)/OM. *RAP
98. AREA - 20PIO8'NAP/100.
99. DVZU I (I I# 1 (1) *ASIA
100. C
101. C f CONES AS A FONICIICN OF £5013 II GRIES. CONIET TO
102. C THE APPEOPRITI VALUE C RACIUS.
102.1 C NOTE THIS V[[SICN EXPECTS A P011 FOCTION It
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102.2 C I DEGREE ItC11MNIS, WHEREAS C!EIP VERSIONS EXPECT
102.3 C 2 DEGREE INCSIRENIS. OUTPUT fROEI PUPIL.e0 IS SUITAOLE.
103. C
104. ANG1=DARS3N(R/iR11NS))
SOS. IANGIlDlbIEANG1*18O./3.1I15911
106i. DVZ=DVZ*P(IINC1) *E(IktIGI)
107. c
108. C REPLECTANCE CCflES AS A FUICTICN Of SIN Of INCIDENCE
109. C ANGLE. FIND 111SCPSIATE VALUE I03 A GIVEN RADIUS.
110. C

112. DTZ=DVZ*REPL(IANG)
113. C
1146. XZXP=-CDEXI3AT*2.0(KO4JA!*ALPHA)*Z#
114.1 IDSQRT( 1.- (R/F)*(R/P))) i
115. DVZ-DVZOXIXP
115.005 C
115.01 C THE NEXT LINES ACCCURT POP VADIABLE WATER ATTENUATION

115.03 'CF
115.04 OR- RLEVS*DCCS(PdNGI)
115.05 ESTAR =ESCRT(I.15*RLEIStDE)*(.15*RLENS#RR) * *)

*115.06 ANG = DASSIN(F/RSTAR)
115.1 DVZ=DVZ*DEIE(flIPIA*2.*(1.15*RLElUS-iSTA3))
115.11 C
116. VZ(J)=VZ(.J1.DVZ
11. 100 CONTINUE
117.1 C

*117.2 C NOW K~EEP TRACK Of LARGEST MAGNIT01CE TO NORMALIZE LATER.
117.3 C
117.4 Q1 CDAPSIVZC(J))
117.5 Q2 CDABS(VZMSAX)
117.6 IP(Q1 .GT. Q2) VZMAX a V2(J)
118. 120 CONTINUE
119. C
119.1 C PRINT OUT NUEZRICAL VALUE C? YZNII
119.2 C
119.3 WRITE(6,2(9) 1211AX
119.4i 269 FORMAT($0 VZMAX =%E12.5, IX, 112.51
119.5 Q2 =CDP.DSIVZFAX)
119.6 URITE(6,271) C2
119.7 271 FORMAT(BO AAGNZIUDZ Of VZI5AX Z 12.5)
120. SEJECT
120.1 C
120.2 C NOV NORMALIZE RELATIVE TC BAXIMUR RETURN.
120.3 C
120.4 ********* *.****e **********
120.5 C DEFINE VZMAX AS GLASS VZMAX TC COMPARE tIPPERENT
120.65 C 2'e CROES 66 SAME SCL. EI * AX IS TARA
120.65 C 24 NCU6 CA SAME SCAE. S LAER@ ISAREA
120.7 eeeoeeee*e*e* ..... *..s*.*
120.9 VZMAX (0. 1588CD-01,0.54d380D-O1)
121. VRITE(6,1901
122. 190 FORMAT(11 V(Z) AMPLITUDE IN DO AND PRASE')
123. Do 200 Im1,101
123.1 12(I) a V2(1),VZMAX
124. VZA=20.#VLCG10(CrASS(VZ(I)))
125. VZLOG(Ij c SNGL(VZA)
126o vzKvz (I)
127. ZVZ()*-J)
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128. WZPmDATAN2(VllTZlj
129. VRITE(b,201) VZAVZP
130. 201 FORMAT(# 1,2XE12.5,3Z1,12.5)
131. 200 CONTINUE
132. C
133. C CALL PLOTTIAG SCUTIVIS
134. C
135. CALL STADXG(fCIUIL,LINEXAIm*0.0)
135.1 CALL SUDJPG(-10.,-'5.,5.,15.)
135.2 CALL SETSPG(12,1.)
136. CALL GAPEG(OVEPIT'O,i,101ZG.VZLOG,0,'Z.,'V(Z) IN DBeOO137. IOVIIHINIII %UAF :83.5 V (Z) 7=2.6 GflZ * Q)

138. CALL EXITG
139. STOP
140. 23D
141. SDATA
142. 2.6
143. 24. 66.
144. -10. S. "

145. 0.28946D 00 -C.59930D-17
146. 0.28944D CO 0.89902D-17
147. [ IN ALL, 100 VALUES OF REFLECTANCE AhIPLITUDE PHASE.]
1%8. [ THIS IS OCIPUI CF DEFLEC.SI& ELCGRAR. ]
243. 0.60330D OC -C.31385D Cl
244. 0.69871D 00 -0.31406D 01
245. 0.23119E-02 -0.35547E 01
246. 0.23117E-02 -0.35553E 01
247. [ IN ALL, 201 VALUES CF UIPLUS, E.G. FBCB A2AIAR'S PBOGRAE.j
444. 0.86933E-03 -0.39522E 01
445. 0.86843E-03 -0.39556E 01
446. 3.5592 3.!597 3.5612 3.5637 3.5672
447. 3.5718 3.5775 3.5E42 3.5921 3.6012
418. C IN ALL, 81 VALUES OF PUfIt FUtClICS XBILITUDE,
419. E.G. LENS TAEtEMISSION IUNCIIOH FROM LEMONS$
450. PROGRAM, ECDIFIED AS PUEIL.80.)
461. 0.7489 0.7084 0.6686 0.6291 0.5897
462. 0.5499
463. -0.6708 -0.6713 -0.6728 -0.6753 -0.6788
464. -0.6833 -C.fe8S -0.6955 -0.7031 -0.7118
465. [ IN ALL, 81 POPII FUNCTION PHASES TO GO 412If AMPLITUDE.]
478. 0.1830 C.1764 0.1701 0.1640 0.1578
479. 0.1515
500. $STOP...... ....
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0.3 APPENDII C
0.4
0.5 PROGRAM T0 CALCULATE THE PHOTCkCCUSTIC
0.6 RESPONSE IN A 2-REGOH SISTER.
0.7
0.8

i. /OPTAC2 JOB Il17SE7.1811.IR EBA!S.CLASSEZ,REGION-512K

1.5 /*JOBPARM DEST=SEtF
2. IIEXEC WATFIT bOLIST
3. //GO.SYSIN DD
4. SWATFIT NOLIST
5. C THIS FORTRAN PRCGRAM SOLVES FOR TilE ACOUSTIC POWlER
6. C RADIATED IN7O TWO SEEI-INFINITE HAIF-SFACES, REGIONS
7. C I AND 2, AND GEHIPATED BY OPTICAL ABSOBBTION IN ZIEDIUI
a. C 2. THE
9. C INCOM~ING OPTICAL POWER IS ASSURED 7O BE INCIDENT

10. C THROUGH TRANEPARENT MEDICJE 1, IND IS ASSUMED TO HAVE
11. C UNIT INTENSITY.
16. C THE ACOUSTIC GENERATION IS SCLVED BY THE
17. C METHOD OF COUPLEr ZICLES IN A DISIRIBUIED FINITE
18. C SOURCE REGION AS PRESENTED IN E.A. AULDIS TEXT V.1, C0.6.
20. C THE PRESENT ERCGRAK WAS WRIT7TEN BY RC BRAY 13
21. C SEPTEMBER 1980.
36. C
37. DIMENSION RHO (2), C(2), C1112), DETATB(2), LLPHA(2),
38. 1A(2), Z(2), TAUL(200), STR(200)
39. REAL K(2), KK(2), B,G,RO~nl.L,L1iAX,LINCR,S1(2O1),
39.1 1 S2(2O1) ,P3(2Cl) ,P2 (201) ,FRIN,FFAkX,1 (201)
40.-. COMPLEX 7)U(2).ZTH(2), R,TN11,'1E20,TH22,
41. IJAY,UUVV,BETA,AP2F,AIP,1P20,AIO
43. C
'14. C FREQ - FFCUENCY OF MODULATION OF LIGHT
t5. C BET a OPlICAI ABSCEBEICU COEFFICIENT OF 2
46. C
47. READ, FRIN, FRAY
48. IRITE(6,133J FMIN, FIIAI
49. 133 FORIAT(O1 T15 = 1,E18.8,31,11FBAI - 9, E18.81/)
50. READ,BET
51. VRITE(6,50) BIT
52. 50 rORMAT(1O OPTICAL Las COLEY BET 0 , 220.8,9 1/K0)
53. BETA = CaPIX(BET,O.)
54. URITE(6,3C)
55. 30 POEMATC'O RHO toC
56. 1 Cil BETATH')
57. DO 45 1-1,2

59. C KK(I) - HEFFAL CONCOCIYITY OF ITH REGION
60. C 3110(I)a DENSITY
61. C C (1) - SPECIFIC HIEAT
62. C CI1(I)=- ELASTIC STIFFNESS C11
63. C BETATH(Z) a THFRIIAL COEFFICIENT Of LINEAR EXPANSION
64. C

66. VRITE(6,IC) l(1(() , 311(I), CI) * Cl 1(I), BET&TII(I)
67. 40 FORiIT(O9*5E2C.8)
68. 45 CONTINUE
70. C SET UP LOOP 10 CALCULATE RESULTS 1CR 201 VALUES Cr FRIQOENCI
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70.1 C
70.2 FINCH (A[CGIC(FlkiX)-AIOG1O(FIIIM))/200.
70.3 Do 73 V = 1,201
70.4 FREQ m ALC610(ININ) # (N-1)OIVINCR
70.5 FREQ - 10.$OFSEQ
70.7 7(N3FBREQ
73. C CALCULATE AIPHA (l) - THERMAL DIFPUSIVITY 0r ITH LIER
74. C & (I) - TIIEREAL CIFPUSIOX CCEFFICIENT
75. C TAII(I) - (ItJ)*AiZ)
76. C 211) -ACOUSIxC iZIptrANCt
77. C FC(I) a ACOUSTIC FROPAGATION CONSTANT
77.1 C ZT11I) - TUESMAL IMPICANCE
77.2 C
78. A(0,.
79. DO 60 I. 1.2
80. ALPHA(I) = KK 11) /(R HO (1)'C 1))
Ole &(I) -SQHT ((2.03. 14159#FlEV) 1 /(2. *ALPHA (1))) I
62. Z (I) = SQ~dTIRhIC (I) *C1 1(I))
13. -TAU(I) = CKPLXLA(I),A(I))
84. K(rJ=2.*3.1J1!9*FHEIC*SCBT(BC()/C11(I))
85. ZTH(I)=(1.*3hY)*SGRT(3.14159*I9[Q*5hiO(I)*C(I)
86. 1*KK (I) )
91. 60 CONTINUE
92.- TSD e: 1./1(2)
92.5 C WRITE(6,f!) TSD
93. C 65 FORMT(80 TEERMAL, SKIN DEFTH A(2) 3 , 20.8)
98. C
99. CALL TRAPS(1,l.10000,1,1)

106. C
107. C CALCULATE TH1u, TH2O. AND TH22, 1EMIIPRATURE
108. C ARPITUDES AT 'IBE 2=0 BOUNdDAII.
109. C
110. THIl - ET'A/(2TH(1)*(1..ZTH(2)/2TN(l))*(BETA.2AU(2)
Ill. C
112. TH20 BEIA* (EETA* (ZTH (2)/ZTH (1)) *TAU(2)I
113. TH20 = I H2 C/ 12TH (2) )
114. TH20 = Tfi20/(l.+ZTH(2)/ZTH(1))
115. 2520 = IH20/(EETA*BETA - TAU(2)$TAU(2))
116. C
117. TH22 - E7A*TAD(2)/ZTH (2)
118. TH22 -TH22/(ElTA$BETA-7AU(2)*TAU(2))
118.5 TH22 - -Tb22
119. C THAT - SIGN CH T1122 VAS INITDDEC. 23. 1981
120.5 C
121. C CALCULATE AP2O, THE POSITIVE 7RAVLLIIG BODE AT
121.5 C 220.
122. C
122.5 UD a 2.#Z12)/lZ11)+Z(2)
123. VU a OL*(-3AT.iql).SETATH(1)*CII(1)OTH11)
123.5 00 a UU/(I&U(1)+3AY*Kq1))
124. C
124.5 TV a Tf22/(BETA.3JAT*K(2)) #TH2O/ (TAU(2) .31!*K(2))
125. TV a VV0JAT$K (2) *ClI(2)*EElATBS(2)
125.5 TV - ((Z(I-ZI2))/(Z(1)#Z(2)))OVY
126. C
126.5 LP20 a go - T
127. C
127.S C CALCULATE A1110, THE NEGATIVE 75AVEZ.LING 8003 IT
128. C THE BOUNDARY Zu.
128.5 C
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129. U0 a TH22/ (BET A#JAY* (2) )+H20#(T AD(2) #Ja:.K(2))
130. DUI a JU$J A I*I F2) $C I1 (2) *PET ATH (2)
131. DI0 - US 1-2.*Zt1)/(Z( 1) #Z (2)))
132. C
133. TV a (Z (1) -2(2) )/(Z (1)#Z (2))
1341. TV = VV*JAYOIC(1) OBETATHI(I)OC I I(I) OTalI
135. TV a VY/ (lAU (1) .)AY4X (1))
136. C
137. &110 a to + TV
138. C
1110. C
141l. C NOV CALCULAX1 FAR1 FIELD 1ICDE AMPLITUDES AM2
1112. C. AND 11117..
M11. C

1441. 1127 - JAISN (2)*C11(2)*~EEh1If (2) *1522
1115. AP2F =AP2f/(.JAY$9(2)-BETA)
1416. 1127 1121 + JAY$K(2)*C11(2)SBXTATB(2)S*IH20
1417. 1 /(3AY*112)-TAU(23)
1118. 1127 = AP21 * 1P20
1119. C
150. C
151. 111 JAY*K(1)*Cl1(l)SD!TA7IH(1)*Ta11
152. 11117 AMIF/(JAY*C(1) -TAU( 1))
153. 11117 1111 + IO
1511. C
155. C CALCULATE ACOUSITC POWER AND STRAIN IN 782
156. C PAR FIELDS Ct IFEGIONS I ANC 2.
157. P2(N) = CAPS (AF2F*CONG (A2F /8./2(2)
158. Pl(M) = CA1S(A~1lfCONJG(A11F)/8.'Z(1))
159. c
160. C
161. SIM (N=SQRT (2. *Z (1) *P1(N))/,C11(1)
162. S2(N) = SQR(2.*2(2)*P2())/ClI(2)
163. C
163.1 73 CONTINUE
165. C
166. C PRINT OUT SCEE ANSVERS -

167. C
168. VRITE(6,367)
169. 367 FORKAT (I I7 SI S2
170. 111 P2*/
170.5 DO 741 - 1,201
171. WII'E(6,36e) F(I),S1(I).S2(l),P1(I).12(I)
171.5 711 CONTINUE
172. 368 FORHAT(' .1.,1E883,1863,1.,X188
176. C
211. C CALL PLO7TING ROUTINES
212. C
213. CALL STAR7G('GENIILINEZ8$9,O)
213.5 CALL SETSMG(?3,1.0)
2141. CALL SETSI!G(2tJ,1.0)
215. CALL SUPJEC(1.CEC,1.OE-20,1.OE10,1.0E-16)
216. CALL SETSP.G(132, 1.)
220. CALL GR~r11G('VEBIT*0,1,20t,E,P2,0,'EREQ*'*' 125',
221. 1'1E-5 Aln///SIIICCN ALFHA = 3.29E6 12 01)
222. C CALL LlNESG('VllS'201,P,Pl),
226. CALL CXITG
229. C VIIAT FOLLCNS IS A TABLE CF DAA FOR DIFIERENT BATEBIALS
230. C K RKC C CiI BETATO
231o C PIBEX DATA: ADJUSTED DETAIN 1/8/800
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232. C .1260001 .2290Cr4 .9750003 .73000011 .27000D-6
233. C MOLYBDENUM DATA: ADJUSTED PETAIN 1/8/80
23o. C .1790003 .122095 .13eOO3 .47000012 .286000-5
235. C GOLD DATA: AEJUSTIE ETTATH 1/8/80
236. C .34500D3 .19200D5 .13000D3 .18900012 .13000OD-
237. C RATER DATA
238. C .65000D0 .10000D4 41e5OD4 .23700010 .690000-4
239. C ACETONE DATA:
240. C .198000 .1900CD3 .21760OD4 .10600D10 .500000-3
21. C METHANOL DATA:
242. C .15500D0 .79100D3 .25470D4 .8300099 .4000D-3
243. C HELIUM (4K) DATA:
244. C .20000D-1 .1'6CCD3 .52COCDQ .74000D7 .13700D0
245. C ARGON (85K) rATA:
246. C .12100D0 .1417004 .981000 .10360D10 .1500OD-2
247. C NITROGEN (75K) DATA:
248. C .13800D0 .8210CD3 .1948004 .63800D8 .17000D-3
249. C SILICON DATA: COCSTD BETATH 1/8/80
250. C .83500D2 .234004 .12800D3 .1657D12 .44800-5
251. C ALUNINUM DATA: AEJUSTED BEIAIH 1/8/80
252. C .300OOD3 .26989D4 .91700D3 .10900012 .17800-4
253. C QUARTZ DATA:
254. C .13500D1 .220Cr4 .9370013 .E6700D11 .5500D-6
255. C GALLIUM ARSENIDE rATA:
256. C .46000D2 .5307D4 .3500003 .11880D12 .5900D-5
257. C CHROMIUM DATA:
258. C .87000D2 .7100l 4 .460003 .35000012 .65000D-5
259. C TANTALUM DATA:
260. C .68000D2 .166005 .142OD3 .26700D12 .65000D-5
261. C SAPPHIRE DATA: ArJUS7ED BEtA7H 1/8/80
262. C .33000D2 .3986004 .43300D3 .4940OD12 .30000D-5
263. C CARDON DATA: ADJtSTED BETAIH 1/8/80
264. C .80000D2 .DOOr4 .7110CD3 .32000D11 .52000D-5
260.1 C AIR (GASEOUS) rATA: NEW!
264.2 C .24100D0 .1225Cr1 .741 0D3 .14160D6 .341000-2
261.3 C IE-5 ATM AIR DATA (CALCULATED F70 I ATS):
260.4 C .210OD-5 .1225CD-4 .74100D3 .1416001 .341000-2
265. C
266. C WHAT FOLLOWS IS A TELLE OF ATIENOATICN CONSTANTS AND 3ZFL-
267. C ECTANCES FOS CIPTIIN KATERIALS (AIP HEK, SEC. 6G)
268. C MATERIAL OPTICAL WAVE- FOVER ATIEN REFLECTANCE.
269. C LENGTH, 1ICRONS CONSI, 1/8 (PCVEB)
270. C
271. C AL,lVAP .492 1.40D8 o922
272. C AL,EVAP .95 1.12D8 .912
273. C AUEvAP .50 4.60D7 .5041
274. C AO,tVAP 1.00 7.60D7 .981
275. C SI,SVGL CRST .515 2.440D6 .375
276. C SIbULK LC 803 1.25 2.96D6 .330
277. C SIIEVAP .500 1.e6D7 .399
278. C SIEVAP .800 3.29D6 .367
279. C HOLY, BULK .501 7.54D7 .520
280. C HOLY, BULK 1.COO 1,1607 .574
281. C
321. STOP
322. END
323. SDATA
324. .1000027 .10000111 L
325. 3.29t6
326. .21100D-5 .12250C- .7410003 .1416001 .3110oD-2
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327. A~350002 .231CCD4 .728000~ .1657012 .811800-5

328. $STOP
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0.1
0.,2
0.3 APENDIX 0
0.4
0.5 PROGRAH TO CALCULATE Tie PHOTOACODSIIC
0.6 RESPONSE IN A 3-&ZGXCN SYSTEM.
0.7
0.8
0.9
1. //DOPT3 JO0 9P17SE7,181',.I BRAYICLASS-Z#REGION=S12Z
2. /*JODPARJI DEST=SELF
3. // EXEC WATFtV

4. //GO.SYSIN DD "
S. SATFIY HOLEST
9. C THIS PORTRAN PCOGRAM SOLVES FOR 7HE ACOUSTIC STRAIN

10. C RADIATED INTC TUC SEMI-INTINITE HALF-SPACES, REGIONS
11. C 1 AND 3, AND GENERATED BY OPTICAL AESCIDTIC IN MEDIO
12. C 2 WHICH SEPARATES TEEM AND HAS THICKNESS L. THE
13. C INCOMING OPTICAL POVIR IS ASSUED 0 BE INCIDENT
14. C THROUGH TRANSFARENT MEDIUM 1, ANC IS ASSUMED TO HAVE
15. C UNIT INTENSITY.
16. C HEDIUM 3 IS ALSO TRANSPARENT. mErriD I EXTENDS FROm

.17. C 12-IPIKITY 0 1=0. MEDIUr 2 EXTENDS FEO5 1=0. TO 1 -

18. C KEDIUM 3 EXTENDS FROM I = I TO INFINITY. THE HEAT FLOW
19. C IS CALCULATED USING THE BETHCD CF COUPLED 9ODES
20. C AS WELL. THE ACOUSTIC GENEBAiICI IS SOLVED BY THE
21. C METHOD OF COUPiEr NODES IN A DISIBIBUTED FINITE
22. C SOURCE REGION AS PRESENTED IN V.A. AULD'S 7EXT V.1, CRH6.
23. c THIS VERSION CALCULATES FC$ A RANGE CF TPICKNESSES
24. C OF REGION 2 FROM 0 TO 6 THERMAL SKIN DEPTHS.
25. C IT THEN PRODUCES A VERSATE PICT CF STRAIN INTO 3
26. C VERSUS A*L, A = THERMAL DIFFUSION COLEEICIENT,
27. C L - LENGTH OF REGION 2.
28. C THIS VERSION PICTS POWER INTC REGICN 3 F3 AND
29. C POWER INTO REGION 1 Pl. A TABLE OF
30. C DATA IN FORMAT READY TO USE (BEMOVE COMMENT C IN
31. C ICOLUBN 1) IS STOFED IMMEDIATELY BEFORE THE DATA CARD.
32. C TO RUN OTHES EIRA, CHANGE THE PLOT LABELLING
33. C IN THE CALL IC GSAPHG; CHANGE IHE X AVE Y RANGE IN
34. C THE CALL TO SUEJEG; TRY A CHANGE IN THE 'LINEXZS-S
35. C OPTION IN THE CAlL TO STARIG IF AN ERROR IN TUE
36. C STARTG CALL RESULTS. (E.G. LISENI-68)
37. C
38. REAL S1(2,200), S3(2,20C), STR(200), TAUD(200),
39. 1 P1(2,20O),P3(2,2C0),PD(200)
40. REAL*8 REOI3), C(3), C11(3), BETATH(3), ALPHA(3),
41. IAA(3), ZO(3),
42. 2K(3), KK(3), L,LMAXLINCR,DEL21,DlL23
43. CONPLEX416 TAU(3), AN1ZAP3LAP3Z,
440 1 JAY, C1,C3,C20,C22,
45. 2 BET&, ZTH(3), Tl02,A,B,CD,D21,D23,2H11,
46. 3TH30,TH20,TI2 1,T22, UU, IV. MI,CDA
48. C
49. C FREO v FRECUEINCY OF MODULATION OF LIGHT
50. C BET a OPTICAL ABSOMICN CCEIFICIENT OF 2
51. C
52. READ, 7REO
53. UNITE (6, 110) 71EO
54. 140 FONflAT(I1 PRECUENCY 1 ,20.8.o HZO)

55. READDET
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S6. URKTE(6,50) 921
57. 50 FORMAT('0 OPTICAL ADS COZY? 827 It 2.20.6.9 1U8#1
So. BETA x Btul#~
59. UuRIT(6,3C)
60. 30 FORNAT ('0 11 it soc
61. 1 Cil DETATH')
62. Do 45 r.1.2
63. cp
64. C KECI) = IHEBIKAL CONDUCTIVITY CF 128 REGION
65. C RJIO(I)= tENSITY
66. C C (I) a SPECIFIC BEAT
67. C CI1(I)= ILASTIC STIFFNESS C11
68. C DETATH(I) =IHFR5IAL CCEFFICIEST CE LINEAR EXPANSION
68.1 C ROM! ADJUST IANDi300K VALUE OF BETATH
68.2 C BY ZUITIPLYISG BY BULK ACDIUS, DIVIDING DY C11.
69. C
70. READ, ECK (I) , RHOa (I) , C (1) , Cl 1 (1) , BETAIN (1)
71. URITE(6.alC) KKI(), ItNO(1), CCI), C1111), BETATB(X)
72. 40 FORMAT ($ 01,5120. 8)

* . 73. 45 CONTINUE
74. DO 180 N = 1,2
75. READ, KK(2),RHC(3),C(3),CI1(3),EETATH(3)
76. VRITE(6,47) KV(3).RUO(3).C(3),Cli(3).DITATH(3)
77. 47 FORMNAT (IIt, 5120. 8)
79. C CALCULATE AIPHA(I) - ?HERBAL rIFICSIVITY OF TIN LATER
80. c A A (1) TIKEBAL DIPFUSION COEFFICIENT
al. C TAI) (1t3)*AA(I)
82.' C %0(1) -ACOUSTIC ISPICANCE
83. C 1 (1) ACOUSTIC PROPAGATION CONSTANT
84. C Z7 0 () THEDNAL IEPEDANCE
85. c 021 =ZTH(2)/ZTfi(l)
86. C D23 ZTH (2) / ZI H(3)
87. C D1121 20Z(2)/20(1)
Be. C DIL23 =ZD(2)/ZO(3)
89. C
90. JAY=(0. ,1.)
91. DO 60 1=1,3 -

92. &LPUACI) - KK (I)/(RHO(I)*C(M)
93. ACI = DSQRT((2.*3.14159*FBEC),'(2.*ALPJIA(l)))
911. ZO (I) = DSQRI (DHC (I) 'Cl(1))
95. TAU(I) = VCfiFL(AA(I*AA(Ifl

97. 2TUCI) = (I. +JAY) *DSQRT (3. 1415 9*FBEC'RBBC () 0C (1) KKCZ))
98. WRITE(6,560) 1
99. 560 FORMAT('O I a to 1i)
100. VRITE(6,562) ALPHAM() AA (I),ZO (I) .1(1)

*101. 562 FORM9AT(I ALEFiA(I),AACI),ZO(I).I((I) - to 5018..6)

-103. S611 FORMlAT (I TAU(7),ZTH(I) = 6, 2D8.6v31.2Di8.6)
104. IRITE(6,566) ZINCI)
105. 566 ?OR.'AT(f 2111(1) MD.01.6)
106. 60 CONTINUE
107. C
108. D21 a ZT1112)/27DC1)

* 10M. D23 a II (21 /TH (3) -*

110. DEL21 20(2)/20(l)
111. DEL23 -ZC(2)/7#0 (3)

112. MRITE(6,5b8) [2l,D23
113. 569 FrOHNAT (0 D21,D23 - to 2018.66il.2010.61
114. VI3I(6,570J LEL21,DEL23
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115. S70 ?ORNAT(@ C!L21*11L23 6#*101O.6,31,1018.6)
116. C
117. TSO a I. /AA1?)
Ila. VRIME6,6S) ISD
119. 65 VrKBAT('0 TRIEINAL SKIN DEPTH 1/AA(2.) X .20.81

120. C
122. C SET UP LCOP TO INCREMENT LINGTO FROM 0 TO LKAX,
123. C URERE LMAX IS SUCH THAT? L(2)*LBAX a 6., 15 200 STEPS
124. C RECALL 1/LA IS THE THERMAL SKIN DZflM.
125. C
126. CALL TRAPS (1,l,10000,11l)
127. LMAX G .0/AA(2)
128. LIUC% LMAI/200.
12g. L a .
1.30. Do 200 a 1, 200

131. L L LICR
133. C
134. C CALCULATE TREERATURE LEPI.ITUDS THII, T1130 IN REGIONS
135. C I AND 3, AND TH!IN TH20 (EXE(-TAU*Z), TH214EXP(+TAU*Z), AND
136. C T122(EXP(-BETA*Z)). TH02 IS A UBIQUITOUS COLLEC710N OF
137. C CONSTANTS, AS ARE A, 3e A&C CD (= CONICS DENOMINATOR).
138. C

* 139. T002 - BEA/(TAU(2)*ZTH(2)
140. TH02 - THC2/ ( (B!IA06TA) /(TAU (2) *TAU (2) )-1.)'
141. C
142. A - BETA/ (EETA+TAU(2))
143. A -As(CtIIP(-(DITA#TA0(2)3*L)-1.)
144. C

* 145. 3 - BETA/ (EEIA-TAU(2))
146. B - B*(CDEXP(-BEIA*L) - CDEXP(-TAU(2)st))
147. C
148. CD - (1.-D21)O(1.-D23)*CDEXF(-TAU(2)bt)
149. CD - CD - (t.4E21)*(.L23)*CDERP(TAU(2)St)
150. C
151. THIl = D*(l.-D23) - &*(1.GD23)*CDEXE(TAD(2)*L)
152. TH1l - -TBhl/ZTfi(lJ*CD)
153. C
154. TH30 = B*(1.#21)*CDZXE4TAU(2)'1) -A*(l.-D21)

155. TH30 a TH30/ (22H (3) 0CD)
156. C
157. C
158. T1120 - (1.-D23)*(.-(D23OEA)/TAU(2))OCD!IP(-BETL*L)
159. TN20 - TH20 - (1..D23)*t1.$(D2100E2A)/TAU(2))*CDEXP(TAU(2)SL)
160. TH20 a IH20* (It502/CD)
161. C
162. Til21 a (1.-C23)*(1.(D210BETA)/IAU(2))*CDEIP(-TAU(2)*I)
163, T121=TH2-t1..D21)*(.-(D23*BII)/AU(2))CDEP(-ETA*L)
164o T1121 a TR21$(lH02/fCD)
165o c
166o TN22 - -TN02
167. C
1690 C
170. C CALCULATE Cl, C20, C22, AND C3, VH11CH ARE COMMON

* 171. C COLLECTIONS C? CCNSTAUTS SEEN IN THESE PANTS.
17. C

173. Cl -AIl()C1)*TAN1UI
174. Cl a C1/(J35T'K(13 # TAD(1))
175. C
176. C3 a -3AY~eN(3)*CI (3) *EETATH(3) eTH3O
177. CJ a C3/(JATOK(3) *TAO (3))

-96-



178. C
179. VU u CD2P - (3A!*(2) #IUD(2)) SI) - 1.
100. 00 s QUU'(T20/(JAVOK( 2 )#2AU(2)))
1et. c
162. TV a CDEIP (- (OR1'K(2) -TIU(2)) OL) - 1.
183. VT a VV# (1N21/ (JAYOK(2)-IAU (2))
184s. C
165. VV a CDEZP ((,AVON(2) *BETA)OL) -1

186. VV = V 90 (7822/ (JAT*X (2) #IBIZA)
187. C
Ise. C20-J&1*K (2) *C11(2) *ETATJI(2) * (DUG Vl)
189. C
190. C.
191. 05 a CDEIPW(A 1'1'(2) -TAU(2)pSL) - 1.
192. 95 - 9U*(1U20/(JAT*'K(2)-TAO 42)))
193. C
19's. IT CDEXP4(.)A71c(2)#TAU(2))*L) - 1.
195. TV avvO(Tb21/fJAY*K(2)+7Aa(2)))
196. C
197. VV CD9XP(IJATOY(2)hBE2A)OL) -I

198. VV VW*~ (TH22/ 4311*K (2)-BETA))
199. C
200. C22 = -3A1iE 4 2) *C11(2) LEE!2H (2) *CZP (-JAYe (2) *L)
201. C22 a C22*(UU4'*VU)
202. C
203. C THERE ARE TVC COEMON1 DE$CMISAICBS. THT THER81t,
204s. C ONE VE CALM! CC. THE ACOUS7IC ONE HE SHALL CALL CDA
205. C
206. CD, fl(. 4DEt21) *(l. 4DIL23) *CDEIP (JA1*!(21*L)
207. CDk (1.-DEt21)*(1.-DEL23)4OCDEIP(3A!Z*K(2)*L) - CDA
208. c
210. C
211. C CALCULATE AR1Z, T82 PAR-FIELD BCDE AMPLITUDI IN
212. C KEDIUB I
213. C
2140 W. -(1.-CEI.23J*C22 - 2.*CEL230C3
215. VVI - -(1.40E123J*C20*CDEIP(JAT*P(2)*L) 4 VV
216. TV - (1.#C1123)*(JAY'!(1) *DEL21$TAtI(1))*CDEIP(JAYOK(2)OI)
217. 50 - (1.-E1L23)*(JAY*X(I) -D1L21*TAU(1))*CDEIW(-J&!*K(2)*L)

218. 59a- 00- TV
219. Do gc-CIU
220. UU - U/(OAT*F(1)-TAU(1))
221. C
222. ARItZ a OU # Vi
223. ARIZ a A 111! (2./CDA)
224. C
225. C
226. C NOV SOLVE F0R AP31, THE3 VALUE C? TH! LCSITIY! TRAVELLING
227. C BOD! IN HECIUB 3 AT THE BCUNDAFV VITH 1Z10D 2
229. C
229. VV .5*(1..DEi21)*(2.*C22-(1.-tEL23)*C3)*CDEZP(JAX*K(2)*L)
230. TV * 5(1.-DE121)*(1.'b1L23)*C3*CClXV(-JAT*K(23*L)
231. 90 2.*DFl2l*C1 + (1.-D51211OC2O
232. C b

233. AM3 a -2.#((!DVVUV)/CDA)
234. C
235. C NOV CALCULA29 £9.3!. THE PAR ?ZELL MEC 8UP1TUD It
236. C 520D011 3
237. C
236. APi! a .A!K(3)*CII(3).!11A1H43)*1330
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239. 1932 u A?3zl(JAISK(3)-2A5(3j) AF3L
240. C
263o C
264. C
266. C CALCULATE 5135111 Sl RAC1AT1C I3T0 REGION 1, AND
267. C Si RADIATED INYC REGION 3. UNIT IAT!NSIh!
263. C IS ASSUIC 103 TEE INCIDENT LIGHT.
269. C
270. 202 Sl(N,M) a SlOE (CDABS(AN1Z)/(2*CIl(l)))
271. 53(11.5) a SlGI(CDABS(At3Z)/(2*Cl1(3)))
272. 11(N,15) aSNGI(CDAOS(AH1IZ'DCOMJG(AIIZ)/8./ZO(1))
273. P3(N3,5) - SUGL(CCAES(AP3Z*ECONJG(AP3Z)/E./ZO(3)
274. C
275. C LOOP UNTIL 200 rYCRZKZ12S Of LENGTH NAVE BEEN HAVE
276. C
277. TAUL(M) v SIGI.(AA(2)*Li
278. 200 CONTINUE
279. NRITE(6, 150)
280. 150 FORMAT('O PCIER INTO 1 MCENINTO1 3')
281. DO 170 Ral,20C
282. NRXTE(6,lEO) FINB.13(9,5)
283. 160 FOOBAT(I 8, 2120.8)
284. 170 CONTINuE
26. 180 CONTINUE
286. C
287. C CALL PLOTTING BOUTRES
288. C CL
289. CALSTAUIlG(-GlNIL,L11151u6

0 ',0.0)
290. CALL SETSEG(21,1.O)
291. CALL SUBJEG(0.0.1.OE-20.6.0.1.01-15)
292. CALL SLTSEG (132, 1.)
293. Do 220 J-1,20C
291.- P33(J) uP341,J)
295. 220 CONTINUE
296. CALL GRAPlG(TERIT*'.1,200,!AUL.1U3.O.1'AL*%'112. W/500,
297. t*SAPPHIEE/SIIICCE // WATER 13 1 GIZO')
296. DO 2.30 J m1,2C0
299. 1113(3) = F3(2,3)
300. 230 CONTINUE
301. CALL LINESG('TERIT*!,200,TAULPl)
302. CALL E1110
304. C VRAT rOLLCYS IS A TABLE O1 ZATA FOR DIFFERENT MATERIALS
305. C K NBC C C11 &ETATH
306. C PIlEl DATA4 ACJUSTED DETAlN 118e80
307. C .12600D1 .229OCD. .'J7S00D3 .73000D11 .27000D-6
308. C MOLTUDENUM DAIS: AIJUSTID EITAIP 1/8/80
309. C .17900D3 .10220D5 .13500D3 .47000D12 .286000-5
310. C GOLD DATA: AtJtSTIt DETATN 1/8/80
311. C .341500D3 .1920005 .1300003 .18900D12 .130000-S
312. C WATER DATA
313. C .6500000 .100000 041850D6 .23700DI0 .690000-1
3141. C ACETONE DATA:
315. C .1980000 .7900OD3 .21760011 .10600DI0 S50000D-3
316. C METHANOL DATA:
317. C .1550000 .7910CD3 .2547003 .8300009 .1100000-3
M1. C HELIUM (49) CATS:
M19. C .200000-1 .11a60CD3 o5200001 .7400007 .1370000
320. C ARGON (859) 0515:
321. C .1210000 .1317003 .9300001 .00360010 .150000-2
322. C NITROGEN (751 EATS:
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323. C .1300D0 .8240C03 .1948004 .6360000 .170000-3
324. C SILICON DATA: ADJUSTED SZKAIN 1/6/80
32S. C .6350002 .2340004 .72600c0 .1657012 .44800-S
326. C ALUMINUM DATA: ACJUSTED BETATH 1/8/80
327. C .30000D3 o269g9D0 .9170093 .10900012 .17800-4
328. C QUARTZ DATA:
329. C .1350001 .22009q .9370003 .86700911 .SSOOD-6
330. C GALLIUM ARSEVICE EATA:
331. C .460OOD2 .5307C4 .3500003 .11880D12 .590OD-S
332. C CHROBTUM DATA:
333. C .8700002 .710011 .160CD3 .35000012 .6SO00D-S
334. C TANTALUM DATA:
335. C .68000D2 .166015 .1q20D3 .26700012 .650000-5
336. C SAPPHIRE DATA: ACJUSIED B27AIH 1/8/80
337. C .3300092 .398601 .43300D3 .190oD12 .300000-S
338. C CARBON DATA: ADJESTED BETATH 1/8/80
339. C .8000002 .2000CCQ .71100D3 .32000011 .520000-S
340. C AIR (GASEOOS) DATA: NEV!
341. C .24100DO .1225001 .74100D3 .14160D6 .311009-2
342. C 12-5 ATM AIR LAIA (CALCULATID ?ROn I ATM):
343. C .210OD-S .12250D-4 .74100D3 .1415001 .3110OD-2
34. C
345. C WHAT FOLLOWS IS A TABLE OF AITEINUATICS CONSTANTS AID REFL-
346. C ECTANCES FOF CIDTIIH MATERIALS (hIP HEX, SEC. 6G)
347. C MATERIAL CPTICAI WAVE- POWER AIED RBEPLECTARCS
348. C LENGTH, MrCRCAS CCSTr I/M (PCUEB)
349. C
350. C AL,EVAP .492 1.1008 .922
351. C ALEVAP .95 1.1208 .912
352. C AUEVAP .50 4.6007 .504
353. C &UEVA? 1.00 7.60D7 .981
354. C SISNGL CRST .515 2.4D6 .375
355. C SI,BULK LO DUD 1.25 2.9606 .330
356. C SI,EVAP .500 1.8607 .399
357. C SIETAP .800 3.29D6 *367
358. C HOLT, DULF .SC1 7.5D7 .520
359. C BOLT* BULK 1.000 4.4607 o57
360. C

..400. STOP
401. END ..
402. $DATA
403. .100001D0
404. 3.29E6
405. .3300002 .3S86CD4 .433C003 .119100D12 .30000D5
406. .83500D2 .2340004 .7280003 .1657012 .4160o-5
407. .6500000 .1000D4 .185004 .23700DI0 .690000-4
408. .6S00DO .1000014 .4150014 .23700010 .690000-4
409. SSTOP
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